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Atherosclerosis  develops  predominantly  at  regions  of  the  arterial  tree  exposed  to  disturbed  
blood   flow,   which   generates   low,   oscillatory   shear   stress   (WSS)   at   the   lumen.   Of   note,  
endothelial   cells   (EC)   at   lesion-­‐prone   regions   are   characterised   by   an   increased   rate   of  
apoptosis,   thus   providing   a   potential   explanation   for   the   distinct   spatial   localisation   of  
atherosclerosis.   To   understand   the   interaction   between   flow   and   apoptosis   we   used  
microarray   technology   coupled   to   computational   fluid   dynamics   (CFD)   to   identify   genes  
differentially   expressed   at   high   or   low   WSS   regions   of   the   porcine   aorta.   We   examined  
whether  putative  regulators  of  apoptosis  can  be  activated  by  flow   in  vitro  and  studied  their  
function  using  cultured  EC.  
In  this  study,  we  employed  magnetic  resonance  imaging  and  CFD  to  model  blood  flow  
in  the  porcine  aortic  arch  and  generate  WSS  maps  that  served  as  guidelines  for  the  isolation  
of   EC   for   subsequent   transcriptional   analysis.   Furthermore   we   characterised   the   flow   in  
stenosed   carotid   arteries  where   a   constrictive  extravascular  device  was   surgically   applied.  
The   influence   of   WSS   on   the   expression   of   putative   regulators   of   apoptosis   was   studied  
using  in  vitro  flow  assays  and  gene  function  was  analysed  using  siRNA-­‐based  approaches.  
Computed  WSS  maps   revealed   great   spatial   heterogeneity   and   challenged   common  
assumptions   about   the   mechanical   conditions   at   susceptible   and   protected   regions.   In  
addition,  microarray  analysis  of  ECs  isolated  from  the  aortic  arches  of  5  pigs  identified  764  
differentially   expressed   genes   that   influence   diverse   physiological   activities.   Functional  
annotation  of  these  transcripts  highlighted  the  presence  of  41  molecules  with  an  inferred  or  
known   role   in   the   regulation   of   apoptosis.   We   selected   two   candidates   for   functional  
screening   in  vitro:  PERP  and  PDCD2L.  Staining  for  active  caspase-­‐3  and  DNA  fragmentation  
revealed   that   EC   apoptosis   was   significantly   enhanced   in   EC   exposed   to   oscillatory   shear  
stress  compared  to  cells  exposed  to  uniform  flow.  Silencing  of  PERP  reduced  apoptosis  in  EC  
exposed  to  oscillatory  shear  stress,  while  silencing  PDCD2L  did  not  have  a  significant  effect.  
We   conclude   that   shear   stress   influences   EC   viability   through   transcriptional  
mechanisms   that   might   involve   the   novel   apoptosis   regulator   PERP.   Our   observations  
illuminate  the  molecular  mechanisms  that   regulate   the  focal  nature  of  vascular   injury  and  
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Chapter	  1 Introduction	  
Cardiovascular  diseases  (CVDs),  a  group  of  disorders  of  the  heart  and  blood  vessels,  cause  
the   greatest  number  of  deaths   globally   than  any  other  disease:   in   2008   an  estimated  7.3  
million  deaths  were  due  to  coronary  heart  disease  and  6.2  million  were  due  to  stroke.  These  
numbers   are   expected   to   increase   to   a   total   of   23.3   million   deaths   annually   by   20301.  
Currently  cardiovascular  disease  presents  a  major  economic  and  social  burden  that  is  likely  
to  increase  as  risk  factors  for  this  disease,  such  as  diabetes  and  obesity,  affect  larger  portion  
of  the  population.  
Initiatives  aimed  at  the  control  and  prevention  of  the  disease  are  essential  in  this  light.  For  
this  reason,  a  greater  understanding  of  the  factors  involved  in  the  onset  and  progression  of  
CVDs   is   of   critical   importance   to   develop   new   prevention,   diagnosis   and   treatment  
strategies.  
Since   atherosclerosis   is   often   the   underlying   cause   of   major   cardiovascular   events,   the  
research   presented   in   this   thesis   has   been   conducted   to   provide   new   insights   on   the  
molecular  mechanisms  involved  in  its  development.    
1.1	  Endothelial	  cell	  biology	  
A  key  player  in  the  pathobiology  of  atherosclerosis  is  the  vascular  endothelium,  which  is  no  
longer  considered  merely  a  barrier  lining  blood  vessels.  On  the  contrary,  it  is  an  important  
regulator   of   vascular   homeostasis   and   it   can   also   act   as   an   active   signal   transducer   that  
modifies  the  vessel  wall  phenotype2.  Major  regulatory  processes  in  which  the  endothelium  
is   involved   include   the   regulation   of   vascular   tone,   coagulation,   leukocyte   uptake   and  
adhesion,  lipoprotein  infiltration  and  permeability  to  multiple  molecules3.  
The  semi-­‐permeable  feature  of  the  endothelium  is  maintained  by  three  types  of  intracellular  
junction  termed  adherent   junctions,  tight   junctions  and  gap   junctions.  These   junctions  are  
dynamic   structures  with   the   capacity   of   redistributing   and   reforming   to   allow   passage   of  
molecules  through  the  endothelium4.  Their  distribution  within  the  vascular  tree   is  variable  
and  correlates  with  variation  in  permeability.  For  example  the  blood  brain  barrier  presents  a  
high  density  of  tight   junctions   in  order   to  maintain   impermeability  and  protect   the  neural  




endothelium   via   the   passive   paracellular   route,   while   macromolecules   employ   a  
transcellular   route   via   active   receptor-­‐dependent   or   ?independent   mechanisms   such   as  
caveolae,   transcellular   tunnels   and   vesciculo-­‐vacular   organelles   (VVO)5.   During  
inflammation,  endothelial  permeability  increases  due  to  the  formation  of  intracellular  gaps  
via  endothelial  cell  (EC)  retraction,  reduced  expression  of  junction  molecules  and  enhanced  
macromolecules   transport   via   VVOs5.   This   phenomenon   contributes   to   the   induction  
atherogenesis  by  allowing  lipids  (e.g.  LDL)  and  monocytes  to  infiltrate  and  accumulate  in  the  
vascular  wall.  
Another   important   feature  of   the  endothelium   is   its   capacity   to   regulate  vascular   tone.   In  
response  to  hemodynamic  forces  exerted  by  the  flowing  blood  and  to  biochemical  stimuli,  
the  endothelium  releases  various  vasoactive  factors.  These  include  vasodilatory  factors  such  
as  nitric  oxide   (NO)  and  prostacyclin  or  vasoconstrictive   factors   such  as   thromboxane   and  
endothelin-­‐16.   It   is   interesting   to   note   that   the   vasodilator   NO   is   considered  
atheroprotective   while   vasoconstrictors   play   a   role   in   atherogenesis7.   Spontaneous   or  
induced  vasoconstriction  leads  to  focal  endothelial   injury  and  dysfunction.  The  mechanism  
by   which   injury   occurs   depends   on   the   increase   circumferential   stress   exerted   by  
contracting   smooth   muscle   cells   (SMC)   on   EC,   that   lift   from   the   underlying   basement  
membrane  and  become  separated  at  their  intracellular  junctions8.  
The   endothelium   also   provides   a   non-­‐thrombotic   and   non-­‐adhesive   surface   by   producing  
NO,  Factor  V,  Factor  VIII  and  tissue  factors,  all  of  which  are  involved  in  the  regulation  of  the  
coagulation   pathways.   In   addition,   the   endothelium   acts   as   a   physical   barrier   between  
platelets  and  the  underlying  pro-­‐coagulant  components  of  the  wall  such  as  collagen  and  von  
Willebrand  Factor.  Furthermore,  it  expresses  heparin  sulphate,  that  enhances  anti-­‐thrombin  
III   activity,   and   thrombomodulin,   that   activates   anti-­‐coagulant   Protein   C9.   In   response   to  
vascular   injury   or   inflammation,   the   endothelium   can   alter   its   non-­‐adhesive   features   by  
expressing  membrane  selectins  to  recruit  leukocytes  that  are  then  able  to  enter  the  vascular  
wall7.  This  function  is  particularly  important  in  atherogenesis  and  is  discussed  in  more  detail  
in  the  following  section.  
In   summary,   the  endothelium  has   the  critical   role  of  maintaining  vascular  homeostasis  by  




to   endothelial   dysfunction.   This   condition   is   associated  with  most   forms   of   cardiovascular  
diseases  including  atherosclerosis.  
1.2	  Atherosclerosis	  
Atherosclerosis   is   a   lipid-­‐driven   inflammatory   disease   of   the   large   and   medium   arteries  
characterised   by   the   accumulation   of   plasma-­‐derived   lipoproteins   in   the   vessel   wall.   The  
arterial  wall  is  composed  of  three  distinct  layers:  the  intima  (on  the  luminal  side),  the  media  
and  the  adventitia   (the  outermost   layer).   In  direct  contact  with  the  flowing  blood  there   is  
the   endothelium   layer   that   acts   as   a   barrier   to   the   passage   of   molecules   into   the   wall.  
During  the  process  of  atherogenesis,  lipoproteins  infiltrate  the  wall  and  deposit  in  the  intima  
layer  forming  the  atherosclerotic  plaque  (reviewed  in  10).  
Subendothelial   retention   of   aortic   lipoproteins   marks   the   beginning   of   atherosclerosis11.    
These  lipoproteins  are  characterized  by  very  low-­‐  and  low-­‐density  (LDL)  and  high  cholesterol  
concentration.   After   entering   the   intima,   they   undergo   rapid   oxidative   modifications   to  
generate  oxidized  LDL  (ox-­‐LDL)  activating  smooth  muscle  (SMC)  and  endothelial  cells  (EC)12.  
Once  activated,  EC  start  a  process  involving  functional  and  morphological  changes  that  leads  
to  the  expression  of  adhesion  molecule,  such  as  VCAM-­‐1,  ICAM-­‐1  and  E-­‐selectin,  on  the  cell  
luminal   surface7.   The   presence   of   these   molecules   facilitates   the   adhesion   of   circulating  
leukocytes   to   the   endothelium7,13.   Subsequently,  monocytes   transmigrate   into   the   intima  
guided   by   the   release   of   chemokines   such   as   MCP-­‐114.   After   transmigration,   monocytes  
differentiate   into   macrophages   following   macrophage   colony   stimulation   factor   (M-­‐CSF)  
release7,15.  Initially  macrophages  express  scavenger  receptors  that  bind  to  ox-­‐LDL  promoting  
the   internalisation   of  modified   LDL   particles   and   the   formation   of   foam   cells   (lipid-­‐laden  
macrophages)16,17   (Figure   1-­‐1).   These   events   correspond   to   the   initial   stages   of  
atherosclerotic  lesion  generation.    
The  disease  progresses  with  the  formation  of  a  lipid  core  through  the  fusion  of  the  separate  
pools  of  extracellular  lipid18.  A  fibrotic  cap,  composed  of  smooth  muscle  cells  and  collagen,  
thickens  the  region  between  the  lipid  core  and  the  endothelial  layer  at  the  arterial  lumen19.  
The   cap   is   characterised   by   relatively   high   mechanical   strength   and   prevents   further  
thickening  and  protruding  of  the  plaque  via  remodelling  of  the  fatty  tissue.  After  prolonged  




due   to   the   calcium   deposits   within   the   lipid   core,   or   fibrotic,   due   to   the   scar   collagen  
content18.  Plaques  with  large  lipid  core  but  thin  fibrotic  cap  are  more  susceptible  to  rupture  
and  for  this  reason  they  are  called  vulnerable  plaques20,21??????????????????????????????????
content   to   come   in   contact   with   the   flowing   blood   triggering   blood   clot   or   thrombus  
formation22   that,   in   turn,   can   lead   to   severe   cardiovascular   events   such   as   myocardial  
infarction  or  stroke.  
 
Figure  1-­‐1  Pathogenesis  of  atherosclerosis.  Monocytes  migrate  from  the  arterial  lumen  to  the  intima  layer  of  
the  vessel  wall  where  they  differentiate   into  macrophages.  The  expression  of  scavenger  receptors  promotes  
the   uptake   of   LDL   by   the  macrophages   that   become   increasingly   lipid-­‐laden   forming   foam   cells.   Eventually,  
foam  cells  undergo  apoptosis  and  die  while  lipids  accumulate  in  the  intima.  Adapted  from  7.  
1.2.1	  The	  focal	  nature	  of	  atherosclerosis	  
The  risk  of  developing  atherosclerosis  may  be  increased  by  certain  conditions  such  as  high  
LDL   blood   cholesterol   levels,   diabetes,   hypertension   and   obesity.   In   addition,   important  
behavioural   risk   factors   for   cardiovascular   disease   are   physical   inactivity,   high   alcohol  
consumption  and  tobacco  use.  All  these  risk  factors  have  a  systemic  nature,  this  means  that  
they  affect  the  entire  body  and  theoretically   they  should   lead  to  a  uniform  distribution  of  
the  disease  over  the  entire  arterial  tree.    
The  observation  that  atherosclerosis  did  not  develop  uniformly  across  the  vascular  system  
was   firstly   made   in   the   nineteenth   century23.   Subsequently,   several   studies   noted   that  
lesions   were   unevenly   distributed   both   between   and   within   vessels.   More   specifically,  
atherosclerosis  preferentially  develops  in  the  medium  and  large  arteries,  such  as  the  aorta,  




distal   portions   of   the   arterial   bed,   while   veins   and   the   pulmonary   circulation   are   not  
affected.  Within   the  affected  arteries,   lesions  are  mainly   localized  at  branches,  bends  and  
bifurcations24.  Lesions  have  been  characterised  in  most  regions  of  the  human  arteries  that  
have   a   non-­‐uniform   geometry,   including   the   aorta25,   the   carotid   bifurcation26   and   the  
coronary  arteries27.  
This   lesion   distribution   can   be   observed   not   only   in   human   arteries   but   also   in   animals.  
Atherosclerosis  occurs  more  frequently  at  the  aortic  root,  aortic  arch  and  innominate  artery  
of  specific  mouse  strains  that  are  susceptible  to  the  development  of  the  disease  (e.g.  ApoE-­‐
/-­‐  and  LDLR-­‐/-­‐)28,29.  Lesions  were  also  found  at  branches  and  bends  of  arteries  in  minipigs30,  
rabbits31  and  aging  pigs32.    
Taken   together   these   observations   demonstrate   that   atherosclerosis   is   a   focal   disease  
affected  not  only  by  systemic  risk  factors,  but  also  by  local  factors  that  play  a  major  role  in  
protecting   or   predisposing   the   arteries   to   the   development   of   lesions.   The   localisation   of  
plaques   in   regions  of  altered   fluid  mechanics   suggests   that  blood   flow  plays  an   important  
role  in  the  initiation  of  atherosclerosis.  This  association  is  discussed  in  more  detail  in  section  
1.4.  
1.3	  Apoptosis	  
The  development  as  well   as   the  progression  of  atherosclerosis   is  associated  with  complex  
vascular   pathophysiology.   One   of   the   key   elements   of   the   pathogenesis   of   the   disease   is  
apoptosis.  
The   term   apoptosis   was   first   proposed   by   Kerr   et   al33   to   describe   a   mechanism   with  
distinctive  morphological   features   involved   in   the   regulation   of   animal   cell   population.   It  
derives   from   ancient   G????? ?????? ?????? ?????? ????????? ??????????? ?????????? ?????????? ???
recognised  as  a  process  of  programmed  cell  death  that  can  be  triggered  by  a  wide  variety  of  
stimuli   and   conditions,   both   physiological   and   pathological,   and   it   is   characterized   by   a  
several   morphological   changes   includ???? ??????????? separation   of   cell   fragments   into  
apoptotic   bodies,   cell   shrinkage,   nuclear   fragmentation,   chromatin   condensation,   and  
chromosomal  DNA  fragmentation  (reviewed  in  34).  
During  the  early  stages  of  apoptosis,  the  characteristic  morphological  changes,  such  as  cell  




smaller  in  size,  the  cytoplasm  is  dense  and  the  organelles  are  more  tightly  packed.  Pyknosis  
is  the  highly  characteristic  feature  of  apoptosis  resulting  from  the  irreversible  condensation  
of  chromatin  in  the  nucleus.  This   is  followed  by  extensive  plasma  membrane  blebbing  and  
separation   of   cell   fragments   into   apoptotic   bodies   consisting   of   cytoplasm   with   tightly  
packed   organelles   with   or   without   nuclear   fragments.   These   bodies   can   be   subsequently  
phagocytosed  by  macrophages,  parenchymal  cells,  or  neoplastic  cells  and  degraded  within  
phagolysosomes  (reviewed  in  34).  
Apoptosis  is  involved  as  a  homeostatic  mechanism  to  maintain  cell  population  in  tissues  and  
naturally   occurs   during   development,   aging   or   normal   cell   turnover.   Additionally,   it   can  
occur  as  a  consequence  of  cell  damage  resulting  from  disease  or  noxious  agents.  However  
inappropriate   apoptosis   plays   a   critical   role   in   a   wide   variety   of   pathologies   including  
neurodegenerative   diseases   and   cancer,   and   there   is   increasing   evidence   that   apoptosis  
contributes   to   cardiac  myocyte   loss   in   ischemia/reperfusion   injury,  myocardial   infarction,  
and  long-­‐standing  heart  failure35.      
It   is  also   important  to  note  that  other  forms  of  cell  death  have  been  described  and  others  
might  yet  be  discovered.  In  addition  to  apoptotic  cell  death,  at  least  two  other  major  forms  
of  programmed  cell  death  exist:  autophagy  and  programmed  necrosis   (necroptosis)36.  The  
former   has   received   considerable   more   attention   in   recent   years   because   of   its  
contradictory  role  as  a  survival  as  well  as  a  cell  death  process36.  The  latter  is  considered  to  
be  a  toxic  process  that  can  result  from  tissue  injury  and  provoke  an  inflammatory  response  
and  recent  evidence  has  suggested  that  it  might  also  have  a  genetic  component34,36.  
1.3.1	  Caspases	  
???????? ???????? ??? ???? ???????? ?????????? ???????? ???? ???? ???????????? ?? ?????? ??? ?????????
proteases  that  orchestrate  the  cascade  of  events  terminating  in  the  final  demise  of  the  cell.  
Caspases  are  synthesized  as  inactive  proenzymes,  which  are  activated  following  cleavage  at  
specific  aspartate  cleavage  sites.  Once  activated,  they  seem  to  be  irreversibly  committed  to  
cell   death.   Although   the   first  mammalian   caspase   (caspase-­‐1   or   ICE)  was   identified   as   an  
important  regulator  of  the  inflammatory  response,  at   least  7  of  the  14  known  mammalian  




the   initiators,   which   include   caspase-­‐2,   -­‐8,   -­‐9   and   -­‐10,   and   the   effectors,   which   include  
caspase-­‐3,  -­‐6  and  -­‐737.  
Among   the   caspases,   caspase-­‐3   is   considered   to   be   the   central,   downstream   executor   of  
apoptosis  as  it  is  most  frequently  activated  and  catalyses  the  specific  cleavage  of  many  key  
cellular   proteins.   It   is   also   indispensable   for   chromatin   condensation   and   DNA  
fragmentation,  typical  hallmarks  of  apoptosis.  Furthermore,  most  caspase-­‐3  knockout  mice  
die  during  embryonic  or  early  neonatal  period  and  show  profound  defects  of  apoptosis   in  
the  central  nervous  system,  suggesting  a  central  role  of  caspase-­‐3  in  the  essential  neuronal  
death  pathway38.        
In  summary,  the  regulation  of  apoptosis  involves  a  complex  network  of  signalling  cascades  
that  finally  converges  in  the  activation  of  caspase-­‐3,  the  main  central  executor  that  activates  
several   downstream   effectors   triggering   DNA   fragmentation   and   other   hallmarks   of  
apoptotic  cell  death39,40.    
1.3.2	  Intrinsic	  and	  extrinsic	  pathways	  
Two  major  apoptotic  pathways  can  activate   the  caspases:   the  extrinsic  or  death  receptor-­‐
mediated   pathway   and   the   intrinsic   pathway,   mediated   via   the   mitochondria   and  
endoplasmic  reticulum41,42  (Figure  1-­‐2).  
The  extrinsic  pathway  of  apoptosis  is  induced  upon  stimulation  of  death  receptors  belonging  
to  the  TNFR  family,  such  as  TNFR,  Fas  and  TRAIL-­‐R,  containing  a  cytoplasmic  death  domain  
that  plays  a  key  role  in  this  pathway.  This  death  domain  plays  a  critical  role  in  transmitting  
the   death   signal   from   the   cell   surface   to   the   intracellular   signalling   pathway   via   the  
interaction   of   the   receptor  with   death   domain-­‐containing   adaptor   proteins.   Activation   of  
these  death  receptors   leads  to  the  recruitment  and  activation  of   initiator  caspases  such  as  
caspase-­‐8  and  -­‐10.  
Ligand-­‐receptor   complexes   along   with   adaptor   proteins   and   initiator   caspases   rapidly  
assemble  to  form  a  DISC  (death-­‐inducing  signalling  complex).  In  the  DISC,  initiator  caspases  
are  activated  by  homodimerization,  without  undergoing  cleavage  and  are  released  from  the  
DISC   into   the   cytoplasm   where   they   activate   the   same   set   of   effector   caspases   that   are  




The   intrinsic  pathway   is  activated  by  various  stimuli   that  produce   intracellular   signals   that  
act  directly  on  targets  within  the  cell  and  are  mitochondrial-­‐initiated  events.  These  stimuli  
include   DNA   damage,   defective   cell   cycle,   detachment   from   the   extracellular   matrix,  
hypoxia,   and   absence   of   certain   growth   factors   or   other   types   of   severe   cell   distress.   In  
response   to   these   stimuli,   the   mitochondrial   membrane   permeability   changes   causing  
cytochrome   c   and   pro-­‐apoptotic   protein   Smac/Diablo   to   translocate   into   the   cytosol.    
Cytochrome  c  binds  and  activates  Apaf-­‐1  (adaptor  apoptotic  protease  activating  factor-­‐1),  as  
well  as  procaspase-­‐9,  forming  a   large  multiprotein  structure  called  the  ??????????????The  
clustering   of   procaspase-­‐9   in   this   manner   leads   to   caspase-­‐9   activation,   which   in   turn  
activates  the  downstream  effector  caspase-­‐334,36,43.  Members  of  the  Bcl-­‐2  family  of  proteins  
regulate  and  control  these  apoptotic  mitochondrial  events.  The  tumour  suppressor  protein  
p53   has   a   critical   role   in   regulation   of   the   Bcl-­‐2   family   of   proteins,   however   the   exact  
mechanisms  are  not  completely  understood  yet44.  
Another   important  pathway  related  to  apoptosis   involves   the  endoplasmic   reticulum  (ER).  
Stress   that   affects   the   cellular   energy   levels   reduces   the   protein   folding   capacity   of   the  
endoplasmic  reticulum  leading  to  accumulation  and  aggregation  of  unfolded  proteins.  If  the  
cell   fails   to   restore   normal   endoplasmic   reticulum   function   reducing   the   accumulation   of  
unfolded   proteins,   apoptosis   ensues45.   Several   mediators   contribute   to   endoplasmic  






Figure   1-­‐2   Representation   of   the   cellular   pathways   of   apoptosis.   The   intrinsic   pathway   is   activated   by   a  
variety  of  stimuli  including  stress,  shown  at  the  bottom  of  the  picture.  The  mitochondrion  is  represented  as  an  
orange   oval  while   the   empty   oval   at   the   top   shows   the   nucleus.   The   activation   of   the   extrinsic   pathway   is  
started  by  the  cytokine  type  receptors  depicted  on  the  left.  Adapted  from  36.  




1.3.3	  Apoptosis	  in	  atherosclerosis	  
In  the  last  twenty  years,  there  has  been  increasing  evidence  of  a  link  between  apoptosis  and  
atherosclerosis.  Apoptotic   cells  were   identified   in  human  atherectomy  samples  and   in   the  
arterial  wall  of  a  rat  vascular  injury  model46.  Atherosclerotic  plaques  of  human  coronary  and  
carotid   arteries   showed   high   rates   of   apoptosis   compared   to   normal,   non-­‐atherosclerotic  
coronary   arteries47.   Furthermore,   multiple   studies   in   both   animals   and   humans   found  
apoptosis   in   atherosclerotic   arteries,   mainly   in   smooth   muscle   cells   (SMC)   and  
macrophages48.   Apoptotic   SMC   were   usually   observed   in   the   fibrous   portion   of   an  
atherosclerotic  plaque  where  they  synthetize  collagen,  which  maintains  the  tensile  strength  
of  the  cap49,50.  Apoptotic  macrophages  were  observed  in  the  lipid  core  of  the  plaque  where  
they   promoted   the   enlargement   of   the   core   leading   to   increased   plaque   instability49,51.  
Therefore,   there   is   evidence   that   apoptosis   is   an   important   factor   in   both   late   and   early  
stages  of  atherogenesis.  
Endothelial	  apoptosis	  in	  atherosclerosis	  
An   important   initiating   factor   of   atherosclerosis   is   endothelial   damage   as   it   compromises  
vascular  homeostasis  and  function.  
It  has  been  shown  that  endothelial  damage  due  to  apoptosis  may  result   in   increased  SMC  
proliferation52,  vascular  permeability53-­‐55  and  enhanced  coagulation56.  The  loss  of  apoptotic  
EC  may  compromise   the   integrity  of   the  endothelium   layer   increasing  permeability57.  This  
could   facilitate   the  migration  of   lipids,  SMC  and  monocytes   through  the  endothelium   into  
the   intima   and   initiate   plaque   development   by   enhancing   vascular   inflammation56,58.  
Furthermore,   apoptotic   cells   become   adhesive   for   nonactivated   platelets,   thus   exerting   a  
procoagulant   activity.   Coagulation   is   also   promoted   by   the   exposure   of   the   underlying  
extracellular  matrix  in  areas  of  EC  denudation59.  Therefore,  the  injury  of  the  endothelium  is  
a  critical  event  in  the  development  of  atherosclerosis.    
Initial   evidence   of   a   mechanistic   link   between   endothelial   cell   turn-­‐over   and   plaque  
development   was   provided   by   the   observation   that   EC   in   lesion-­‐prone   regions,   where  
plaques   preferentially   develop,   of   the   porcine   aorta  were   characterized   by   increased   cell  
turn-­‐over  rates54.  Most  likely,  the  rise  in  EC  turn-­‐over  was  due  to  an  increase  in  apoptosis  as  




EC60.  Additional  evidence  that  lesion-­‐prone  areas  displayed  a  higher  turnover  rate  of  EC  was  
provided  by  a  more  recent  study  on  endothelial  dysfunction  in  murine  aortas55.  This  study  
also  showed  that  endothelial  turnover  was  increased  in  ApoE-­‐/-­‐  mice  compared  to  wild-­‐type  
mice.  A  possible  explanation  could  be  that  EC  healing  and  regeneration  was  much  greater  in  
ApoE-­‐/-­‐  mice  because  hypercholesterolemia  created  unfavourable  conditions  for  EC55.  
Recent   studies   have   investigated   the   role   of   endothelial   apoptosis   at   different   stages   of  
atherosclerosis.  Endothelial  cell  apoptosis  was  observed  in  cells  overlying  plaques  in  human  
carotid   arteries61.   However   important   evidence   on   the   role   of   apoptosis   in   atherogenesis  
was  provided  by  a  study  showing  that  X-­‐box  binding  protein  1  (XBP-­‐1),  a  key  pro-­‐apoptotic  
molecule   in   the   endoplasmic   reticulum   stress   response,  was   highly   expressed   in   areas   of  
atherosclerotic   lesions   in   arteries  of  ApoE   -­‐/-­‐  mice62.   In  addition,   this   study  also  observed  
that  enforcing  the  expression  of  XBP-­‐1  in  arterial  EC  improved  the  infiltration  of  lipoproteins  
and   leukocytes   in   the   arterial  wall   and   initiated   lesion   formation   in   hypercholesterolemic  
mice62.   These   findings  provided   the   first   direct  evidence  of   a   causal   relationship  between  
endothelial  apoptosis  and  atherosclerosis.  This  evidence  was  also  supported  by  a  study   in  
murine   aortas   showing   that   EC   at   lesion-­‐prone   site   expressed   pro-­‐apoptotic   proteins   and  
were  primed  for  apoptosis  and  proliferation   in  response  to  LPS,  while  EC   in  protected  site  
expressed  lower  levels  of  pro-­‐apoptotic  molecules  and  were  protected  from  injury  by  MKP-­‐
163.  Taken  together,  these  studies  suggest  that  apoptosis  may  play  a  role  in  the  initiation  of  
the  atherosclerosis.  
1.4	  The	  role	  of	  blood	  flow	  in	  atherosclerosis	  
Atherosclerosis   is   known   to   occur   in   a   spatially   non-­‐uniform   fashion   within   the   arterial  
system:  some  blood  vessels  seem  naturally  protected  against  atherosclerotic  plaques  while  
others  are  at  risk  of  developing  the  disease.    A  variety  of  hypotheses  have  been  proposed  to  
explain  the  spatial  heterogeneity  of  atherosclerosis  and  it  is  now  widely  accepted  that  blood  
flow  plays  a  central  role  in  the  atherogenic  process3,64.    
The   link   between   local   hemodynamics   and   atherosclerosis  was   first   suggested   in   a   study  
from  1872  where   it  was  observed   that   lesions   co-­‐localised  with   areas  exposed   to   the   full  
stress  and   impact  of  the  blood23.   In  the  following  decades,  several  mechanisms  explaining  




recognised   that   flow-­‐dependent  mechanisms   involved   in  atherogenesis  can  be  grouped   in  
two  categories:  (a)  mass  transport68  and  (b)  mechanical  forces3.  
Blood  flow  regulates  the  transport  of  vascular  species,  such  as  LDL,  NO,  ATP  and  oxygen,  to  
and  from  the  arterial  wall.  Local  changes  in  flow  characteristics  can  result  in  spatially  varying  
mass  transport  leading  to  abnormal  concentrations  of  vascular  species  in  specific  locations  
of  the  artery.  Since  it  has  been  shown  that  the  rate  of  LDL  intake  through  the  endothelium  
layer   positively   correlates   with   the   exposure   time   of   EC   to   LDL69,   these   differences   in  
transport  can  potentially  account  for  the  heterogeneous  nature  of  atherosclerotic  lesions70.  
In   addition   to   regulating  mass   transport,   the   blood   flow   exerts  mechanical   forces   on   the  
vessel   wall   due   to   the   direct   contact   between   the   endothelium   and   the   flowing   blood.    
Differences   in   the   local   hemodynamics   result   in   an   altered  distribution  of   the  mechanical  
forces   on   the   endothelium   layer.   These   forces   can   be   divided   in   the   normal   and  
circumferential   stresses,   which   result   from   the   pressure,   and   the   shear   stress,   that   acts  
tangential  to  the  wall  (Figure  1-­‐3).  The  wall  shear  stress  (WSS)  is  the  frictional  force  per  unit  
area   exerted   by   the   flowing   blood   and   is   the   product   of   fluid   viscosity   and   the   velocity  
gradient  between  adjacent   layers  of   fluid.   It   acts   solely  on   the  endothelium   layer.  On   the  
contrary,   blood   pressure   causes   circumferential   stress   that   stretches   the   vessel   wall  
affecting  both  EC  and  SMC.  
These   mechanical   forces   exhibit   different   patterns   across   the   vasculature   due   to   the  
heterogeneous   geometry   of   the   arteries.   In   straight   vessel,   the   circumferential   and   shear  
stress   are   mainly   unidirectional   while   at   branches   and   curved   regions   they   have   multi-­‐
directionality   due   to   the   flow   disturbance   introduced   by   the   complex   geometry.   Several  
studies  have  investigated  the  effects  of  the  mechanical  forces  on  EC  physiology.  The  results  
showed  that  circumferential  and  normal  stresses  are  less  important  than  WSS  which  has  the  





Figure  1-­‐3  Mechanical  forces  exerted  by  the  blood  flow  on  the  vessel  wall.  Schematic  representation  of  the  
vascular  wall  with  the  endothelium  layer  and  the  smooth  muscle  cells  lying  underneath.  The  force  applied  by  
the  blood  can  be  decomposed  in  pressure  (p?????????????????????????????????????????????????????????????????????
Adapted  from  72.  
1.4.1	  Low	  shear	  stress	  theory	  
Initially,  it  was  suggested  that  high  flow  rates  associated  with  high  WSS  caused  endothelial  
damage   leading   to   lesion   susceptibility66.   However   two   famous   papers   by   Colin   Caro67,73  
challenged  such  assumption  and  proposed  an  alternative  hypothesis  linking  flow  with  mass  
transfer:   it   is   low  WSS   that  predisposes  a  vessel   to  atherogenesis  by   influencing   local   LDL  
accumulation   and   transport   into   the  wall.   In   addition,   a   later   study  by   Ku   et   al26   found  a  
positive   correlation   between   intimal   wall   thickening   and   flow   reversal,   and   an   inverse  
correlation   with   WSS   magnitude.   These   findings   further   supported   the   low   shear   stress  
hypothesis   and   identified   flow   reversal   as   a   key   component   of   the   flow-­‐dependent  
atherogenic  response.    
In   the   following  decades,   several   studies   investigated   the  association  between  blood   flow  
and   atherogenesis   and   supported   the   theory   that   low  WSS   promotes   atherogenesis.   The  
analysis  of  steady-­‐state  blood  flow  in  human  coronary  arteries  found  a  correlation  between  
low  WSS  magnitude  and  wall  thickness74,75.  A  similar  study  on  porcine  coronary  arteries  also  
identified  a  co-­‐localisation  of  low  WSS  and  maximum  intima-­‐media  thickness76.  In  addition,  
a  study  modelling  blood  flow  and  LDL  transport  in  human  coronary  artery  showed  that  high  
LDL   concentration  was   found   in   region   exposed   to   low  WSS77.   Furthermore,   a  multiscale  
model   for   the   biological   process   of   plaque   formation   and   progression   noted   the   largest  




showed  that  fibroatheroma  and  intermediate  lesions  developed  in  coronary  segments  with  
lower  baseline  WSS  than  segments  with  minimal  lesions79.    
In  the  analysis  of  pulsatile  flow,  WSS  can  be  averaged  over  time  (TAWSS,  defined  in  section  
2.2.5)  to  obtain  a  measure  of  the  magnitude  over  the  cardiac  cycle.  Low  TAWSS  co-­‐localise  
with  increased  incidence  of   lesions,  measured  as  reported  plaque  occurrence  in   literature,  
in  proximal  human  coronary  arteries80.  A  group  study  comparing  multiple  geometries  from  
two  different  strain  of  mice  also  found  that  the  strain  exhibiting  lower  WSS  magnitude  was  
more   susceptible   to   atherosclerosis81.   Numerous   studies   identified   low   TAWSS   as   a  
predisposing   factor   for   atherosclerosis   alongside   WSS   oscillation   in   direction   during   the  
cardiac  cycle,  measured  with  the  oscillatory  shear  index  (OSI,  defined  in  section  2.2.5).  This  
new   parameter   takes   into   account   the   disturbance   of   the   flow   characterized   by   high  
variation   in  direction,   reversal,   stagnation  points  and  secondary  components.  The  analysis  
of  flow  in  a  model  of  the  human  abdominal  aorta  revealed  that  both  oscillating  flow  and  low  
shear   stress   were   observed   along   the   posterior   wall   of   the   infrarenal   aorta,   where  
atherosclerotic   lesions   develop82.   Later   studies   also   showed   that   low,   oscillatory   WSS  
coincide   with   a   high   probability   of   occurrence   of   early   atherosclerotic   lesions   83,84   and  
stenosis85   in   human   arteries.   In   addition,   increased   intima-­‐media   thickness  was   shown   to  
correlate  with   low  oscillatory   shear   stress   in   the  human  carotid  artery86,87.  Animal   studies  
further  supported  these  findings.  Different  models  developed  to  alter  shear  stress  patterns  
in   vivo   in  murine   aortas   (i.e.   aortic   regurgitation   and   perivascular   cuff)   showed   that   low,  
oscillatory   WSS   was   associated   with   accelerated   lesion   development88,89.   In   addition,  
surgical   partial   ligation  of   the   swine   carotid   artery   inducing   reduction  of   flow,   and   hence  
WSS,  led  to  the  development  of  advanced  atherosclerotic  plaques90.    Shear  stress  also  plays  
a  role  in  more  advanced  stages  of  atherosclerosis.  In  early  lesions  of  the  coronary  artery,  the  
necrotic  core  was  mainly  found  in  low  shear  stress  regions,  but  when  the  disease  progresses  
the  necrotic  core  was  exposed  to  high  WSS  because  the  plaque  protruded   into   the   lumen  
causing  stenosis91.  Furthermore,  a  group  study  on  20  patients  investigating  how  shear  stress  
patterns  influence  the  change  in  plaque  composition  over  a  6-­‐month  period  found  that  low-­‐
WSS   segments   developed   greater   plaque,   necrotic   core   progression   and   constrictive  
remodelling   compared   to   intermediate-­‐WSS   segments92.   Interestingly   this   study   also  
showed   that   high-­‐WSS   segments   developed   greater   calcium   progression,   regression   of  




plaque   phenotype92.   The   role   of   shear   stress   in   plaque   vulnerability   and   rupture   was  
supported  by  other  studies  that  found  that  the  location  of  plaque  ulceration  was  associated  
with  increased  WSS  levels  caused  by  the  narrowing  of  the  lumen93,94.  
For   the   aforementioned   considerations,   a   current   hypothesis   is   that   disturbed   flow  
associated  with  low  and  oscillating  WSS  is  a  predisposing  factor  for  the  development  of  the  
atherosclerotic  disease.  However   it   is   important   to  highlight   that,  despite  playing   a  major  
role   in   the   induction   of   lesion,   blood   flow   in   isolation   is   not   sufficient   to   promote  
atherogenesis.   Nevertheless,   local   hemodynamic   features   can   alter   the   vascular   wall  
physiology  and  gene  expression  resulting  in  the  differential  atherosclerosis  susceptibility  at  
these  sites.  
1.4.2	  Effects	  of	  shear	  stress	  on	  EC	  physiology	  
Mechanoreceptors	  
Shear   stress   influences   the   spatial   distribution  of   lesions   by   altering  numerous   aspects   of  
endothelial  physiology.  EC  respond  to  the  mechanical  forces  exerted  by  the  blood  flow  with  
a   complex   sequence   of   biochemical   signals;   this   process   is   called   mechanotransduction.  
Several   receptors  on  the  surface  of  EC  have  been  shown  to  be   involved  in  the  endothelial  
response   to   shear   stress;   these   include   ion  channels95,96,   the  glycocalyx97  and   the  primary  
cilia98.   An   innovative   study   by   Tzima   et   al99   demonstrated   that   platelet   endothelial   cell  
adhesion   molecule-­‐1   (PECAM-­‐1),   vascular   endothelial   cell   cadherin   (VE-­‐cadherin)   and  
VEGFR2   form   a   molecular   complex   that   can   be   directly   activated   by   the   application   of  
mechanical   forces.   The   role   of   PECAM-­‐1   in   the   mechanosensory   response   was   further  
confirmed  by  an   in  vivo  study  showing  that  PECAM1-­‐/-­‐ApoE-­‐/-­‐  mice  had  reduced  lesions  in  
areas  of  disturbed  flow  compared  to  ApoE-­‐/-­‐  mice100.    
Inflammation	  
High   shear   stress   can   potentially   protect   arteries   from   atherosclerosis   through   several  
mechanisms   that   alter   endothelial   physiology   including   inflammation   and   viability.   For  
example,   high   shear   stress   has   been   shown   to   influence   production   of   endothelial   nitric  
oxide   (eNOS)101,102,   that   is   one   of   the   molecules   protecting   against   atherogenesis   via  
regulation  of  vascular  tone  and  endothelial  health103.  Furthermore,  exposure  to  prolonged  




gene  networks  conferring  an  anti-­‐inflammatory/antioxidant  and  anticoagulant  phenotype  to  
endothelial   cells105.  High   shear   stress  also  enhances  MKP-­‐1  expression  both   in  vivo   and   in  
vitro106   suppressing   vascular   inflammation,   as   MKP-­‐1   negatively   regulates   p38-­‐   and   JNK-­‐
mediated   proinflammatory   signalling   pathways107.   Additionally,   the   regulation   of  
inflammation  by  high  shear  stress  can  involve  the  suppression  of  the  induction  of  adhesion  
molecules   on   EC   surfaces.   VCAM-­‐1   and   E-­‐????????? ?????????? ??? ????? ???? ???????? ???
exposure  to  high  shear  stress   in  cultured  EC108.  High  shear  stress  also  suppressed  VCAM-­‐1  
????????????????????????????????????????????ex  vivo,  while   low  shear  stress  enhanced  it109,  
and   reduced   leukocyte   adhesion   to   cultured   EC110.   It   has   also   been   shown   that   adhesion  
molecules   VCAM-­‐1   and   ICAM-­‐1   were   expressed   in   atherosusceptible   regions   of   mouse  
aorta111.  Overall,  high  shear  stress  is  crucial  for  maintenance  of  normal  vascular  physiology.  
In   addition   to   vascular   inflammation,   it   has   been   shown   to   reduce   endothelial  
permeability112,   proliferation113   and   pro-­‐thrombotic   activity114.   Thus,   high   shear   stress  
confers  protection  from  atherosclerosis  through  a  variety  of  molecular  mechanisms.  
On  the  other  hand,  low  shear  stress  is  critically  important  in  regulating  the  pathobiology  and  
dysfunction   of   the   vessel  wall   by   creating   an   opposite   effect   than   high   shear   stress.   Low  
shear   stress   reduces   eNOS  mRNA   and   protein   expression   thus   decreasing   NO-­‐dependent  
atheroprotection115.  Disturbed  flow  produced  by  a  step-­‐flow  chamber   increased  the   levels  
of   transcription   factor   such   as   Erg1   and   c-­‐JUN   in   the   nuclei   of   EC   exposed   to   the  
hemodynamic  stimulus116.  Low  shear  stress  also  upregulates  several  proinflammatory  genes  
such  as  ICAM1117,  VCAM1118,  E-­‐Selectin117  and  JNK119,  and  genes  involved  in  the  regulation  
of  several  cellular  functions3.    
In   addition,   disturbed   flow  associated  with   low   shear   stress   increases   the  permeability  of  
the   endothelium  by   facilitating   the   infiltration   of   LDL   in   the   intima84,112.   Low   shear   stress  
also  promotes  the  production  of  reactive  oxygen  species  (ROS),  and  then  oxidation  of  LDL,  in  
the   intima   by   increasing   the   activity   of   oxidative   enzymes   (e.g.   nicotinamide   adenine  
dinucleotide   phosphate,   NADPH,   oxidase)120,121.   The   attachment   and   infiltration   of  
inflammatory   cells   through   the   endothelium   is   also   influenced   by   blood   flow.   Low   shear  
stress  activates  nuclear  factor-­‐  kappa  B  (NF-­‐??????????????????????????????????????????????116.  
This   event   triggers   the   expression   of   genes   encoding   several   adhesion  molecules   such   as  





Another   important  contribution  of   low  shear  stress   to  vascular  dysfunction   is   its  ability   to  
influence  cell  viability.  In  1986,  Peter  Davies  made  the  first  observation  that  EC  turnover  was  
?????????? ??? ???????????? ?????? ??????? ????????? ??? ???????? ?????? ??????? ??? ????????
conditions123.      He   also   postulated   that   flow   characteristics   more   than   shear   stress  
magnitude  had  the  major  effect  on  flow-­‐dependent  endothelial  turnover123.  In  vivo  evidence  
of  a  relation  between  flow  and  cell  viability  was  first  provided  in  1973  with  a  study  showing  
that  endothelial  cell  turnover  was  significantly  greater  in  areas  of  Evans  dye  accumulation  in  
the  pig   aorta54.   In   the   1990s   several   studies   investigated   the   influence  of   shear   stress   on  
endothelial  apoptosis   in  vitro.   It  has  been  shown  that   the   lack  of   flow  triggers  endothelial  
apoptosis   in   cultured   HUVECs,   while   the   presence   of   fluid   stimuli   leads   to   a   quiescent  
monolayer124.  Exposure  to  physiological  shear  stress  (15  dyne/cm2)  inhibits  oxidative  stress-­‐
dependent  apoptosis  caused  by  H2O2125.  In  addition,  it  also  suppresses  apoptosis  induced  by  
??????????????????????????measured  by  abrogation  of  DNA  fragmentation  and  reduction  
in   caspase-­‐3   activation126.   A  more   recent   study   also   observed   that   LPS-­‐induced   apoptosis  
was  inhibited  in  HUVEC  pre-­‐exposed  to  physiological  shear  stress  but  not  in  HUVEC  cultured  
under   static   conditions127.      Furthermore   it   has   been   reported   that   high   uniform   laminar  
shear   stress   promotes   the   production   of   prostaglandin   J2,   that   in   turns   enhances   the  
expression   levels   of   c-­‐IAP1   inhibiting   nuclear   fragmentation   and   caspase-­‐3   activity   in  
cultured  HUVEC128.  Similarly,  laminar  shear  stress  promotes  the  transcription  of  IAP-­‐2  in  EC,  
negatively  regulating  caspase-­‐3  activity129.  Recently  it  has  also  been  shown  that  exposure  to  
20  dyne/cm2  shear  stress  strongly  reduces  the  expression  of  both  mRNA  and  protein  levels  
of   Smac/DIABLO,   a   mitochondrial   protein   inhibitor   of   IAPs130.   Furthermore,   a   study   on  
murine  aortas  found  that  EC  at  low  shear  stress  sites  were  primed  for  apoptosis  in  response  
to   LPS   via   a   JNK1-­‐dependent   mechanism63.   Finally,   a   study   on   human   atherosclerotic  
plaques  revealed  that  EC  apoptosis  was  significantly  increased  in  the  downstream  region  of  
the   plaque,   where   low   shear   stress   and   flow   recirculation   occurred,   compared   to   the  
upstream  region61.  Taken  together,   these  data  suggest   low  shear  stress  may  play  a  role   in  
the   induction  of  endothelial  apoptosis  however   the  exact  mechanism  of   this  proapoptotic  




1.4.3	  The	  effect	  of	  shear	  stress	  on	  endothelial	  gene	  expression	  
The   molecular   mechanisms   underlying   the   effects   of   blood   flow   on   EC   are   still   poorly  
understood,  however  a  key  feature  of  shear  stress  is  its  capability  to  induce  transcriptional  
changes  in  the  endothelium  (reviewed  in  95,131).    
Genomic-­‐wide   approaches   have   further   demonstrated   that   different   flow   patterns  
differentially  regulate  endothelial  gene  expression   in  vitro.  DNA  microarray  technology  was  
employed  to  investigate  the  EC  gene  expression  profiles  in  response  to  24  h  laminar  shear  
stress   (12   dyne/cm2)   and   it   revealed   that   two   survival   genes,   Tie2   and   Flk-­‐1,   were  
upregulated   while   a   number   of   inflammatory   genes,   including  MYD88,   CD30   ligand,   PBP  
were  downregulated132.  A  similar  study  investigated  the  shear-­‐dependent  modulation  of  EC  
gene  expression  by  comparing  static,  laminar  and  turbulent  flow133.    Several  genes  known  to  
be   involved   in   cell  proliferation  were  upregulated   in   low   shear   stress   and   static   condition  
compared   to   laminar   flow133.   Another   microarray   study   found   that   expression   levels   of  
proinflammatory,  proapoptotic,  and  procoagulant  molecules  were  increased  by  exposure  to  
low,   oscillatory   shear   stress134.   VCAM-­‐1   expression   and   monocytes   adhesion   were   also  
enhanced   by   disturbed   flow134.   Subsequently,   an   alternative   in   vitro   flow   system   was  
employed   to   reproduce   more   accurately   arterial   shear   stress   waveforms   at  
atherosusceptible   and   atheroprotected   regions   of   the   carotid   artery   in   cultured  
conditions135.   The   results   of   endothelial   transcriptional   profiling   revealed   that   several  
chemokines   receptors,   including   IL-­‐8,   CXCR4,   and   PTX3,   were   upregulated   by   the  
atherosusceptible  waveform  stimulation135.  Pro-­‐inflammatory  and  pro-­‐oxidative  genes  were  
also  found  to  be  increased  in  PAEC  cultured  in  static  conditions  compared  to  PAEC  exposed  
to  laminar  shear  stress  (20  dyne/cm2)  for  48h136.    
However   in   vitro   studies  may  not   fully   reflect   transcriptional   responses   to   shear   stress   in  
vivo  as  they  fail  to  replicate  arterial  pressure,  vascular  tone,  extracellular  environment  and  
other   in  vivo  physiological  parameters.  The  endothelial   transcriptome  has  been  correlated  
with   shear   stress   in   vivo   in   few   animal   studies.   The   first   study   to   characterise   the   gene  
expression  of  EC  from  porcine  arteries  exposed  to  different  flow  patterns  was  carried  out  by  
Passerini  et  al137.    Their  findings  showed  an  increased  expression  of  proinflammatory  genes  
in   the   inner   aortic   arch,   an   atherosusceptible   region,   but   also   that   some   of   the  




disturbed   flow   regions   there   might   be   a   delicate   balance   between   atheroprone   and  
atheroprotective  genes   that   is  altered  by   the  action  of   risk   factors  during   the   initiation  of  
atherogenesis137.   Additional   microarray   studies   carried   out   on   EC   isolated   from   porcine  
arteries   added   valuable   information   on   the   genetic   profiles   at   atheroprone   and  
atheroprotected   areas138-­‐140.   More   specifically   chronic   endothelial   endoplasmic   reticulum  
(ER)   stress   and   the   activated   unfolded   protein   response   were   found   to   be   enhanced   at  
atherosusceptible   sites139.   Furthermore   several   genes   involved   in   inflammatory   pathways,  
including  the  classical  pathway  of  complement  activation  and  the  IGF-­‐1-­‐mediated  pathway,  
were  found  to  be  overexpressed  in  porcine  coronary  arteries  (atherosusceptible)  compared  
to   common   iliac   arteries   (atheroprotected)140.   Genomic   studies   were   also   conducted   in  
mice141   and   rats142,   and   they   identified   well-­‐known  mechanosensitive   genes   like   KLF   and  
eNOS,   as   well   as   novel   genes   like   Hand2.   However   these   animal   models   present   the  
challenge  of  a  small  sample  size  available  within  the  hemodynamic  regions  of  interest.    
In   summary,   these   studies   demonstrate   that   exposure   to   different   flow   patterns   induces  
significant  changes  in  endothelial  gene  expression.  It  is  important  to  highlight  one  limitation  
of  these  investigations:  the  flow  environment  and  the  shear  stress  patterns  have  not  been  
characterised   and   anatomical   variation   in   disease   susceptibility   has   not   been   considered.  
Thus   it   is   not   possible   to   correlate   a   specific   WSS   pattern   with   the   aforementioned  
transcriptional  changes.  
1.5	  Computational	  modelling	  of	  blood	  flow	  in	  the	  arterial	  system	  
Since   local  hemodynamics  plays  a  central   role   in  atherogenesis,   the  analysis  of  blood  flow  
features  in  the  arterial  system  has  received  increasing  attention  over  the  years.  
However  the  flow  in  arteries  is  too  complex  to  be  described  by  simplified  fluid  laws  like  the  
Poiseuille   flow   (fully   developed   flow   in   a   pipe).   For   this   reason,   computational   fluid  
dynamics  (CFD)  represents  a  powerful  tool  to  identify  numerous  hemodynamic  parameters  
that  cannot  be  measured  in  vivo,  such  as  WSS.    
Originally,  hemodynamic  analysis  was  carried  out  in  simplified  geometries  and  focused  more  
on   flow   characteristics.   In   1986,   Perktold   et   al   characterised   the   flow   in   an   idealised   2D  
carotid   bifurcation   and   highlighted   flow   stagnation   and   reversal   as   potential   atherogenic  




wall,   hence   hemodynamic   parameters   such   as   WSS   acquired   greater   relevance.   Several  
studies  analysed  the  WSS  distribution  in  idealised  vascular  geometries  such  as  bifurcations,  
bends   and   stenosis143,144   and   provided   useful   insight   on   the   blood   flow   physics.   However  
WSS   has   been   shown   to   be   significantly   dependent   on   individual   variation   on   geometric  
features145,146,  thus  a  realistic  arterial  geometry  is  required  to  accurately  model  blood  flow  
and  WSS  in  the  arterial  tree.      
Significant   advances   in   numerical   methods   and   imaging   techniques   have   allowed   to  
characterise   the  action  of  blood   flow   in   subject-­‐specific  anatomic  and  physiologic  models.  
Early  CFD  analysis  coupled  with   in  vivo  MRI  data  of   the  human  aortic  and  carotid  arteries  
showed   that   the   complex   three-­‐dimensional   geometries   of   real   arteries   resulted   in  
significant   differences   in   flow   and   WSS   patterns   compared   to   those   found   in   simplified  
planar  models147-­‐149.   Over   the   years,   this   approach   has   been   extended   to   several   arterial  
locations,   like   the   coronary150   and   aorto-­‐iliac   bifurcation149,   and   it   has   been   employed   to  
evidence  the  inter-­‐subject  variability  in  studies  comparing  multiple  geometries151-­‐153.    
A  similar  approach  has  also  been  used  to  characterise  the  hemodynamics  in  animal  arteries.  
Several  studies  have  employed  vascular  corrosion  casts  of  murine  and  rabbit  aorta  to  obtain  
realistic   computational   geometry   from   high-­‐resolution   CT   scans70,154-­‐156.   This   technique  
provides   high-­‐quality   geometrical   information,   however   it   relies   on   the   assumption   that  
casts  represent  faithful  replicas  of  the  vessel  geometry  and  it  does  not  take  into  account  the  
possible   changes   introduced  by   the   corrosion   casting   procedures.   In   addition,   CT   imaging  
supplies  only  the  geometrical  data  and  does  not  provide  information  on  the  velocity  of  the  
blood  flow.  Magnetic  Resonance  Imaging  (MRI)  overcomes  this  limitations  but  it  is  difficult  
to  achieve  sufficient  resolution  and  image  quality  in  small  geometries  like  mouse  arteries.  In  
summary,   none  of   the   imaging  methods   currently   available   for   CFD   in   animal  models   are  
perfect  however  they  have  been  able  to  provide  useful  insights  on  the  local  hemodynamics.  
1.5.1	  Flow	  modelling	  
The   motion   of   a   fluid,   in   this   case   the   blood   flow,   is   described   by   the   Navier-­‐Stokes  
equations:  
??






?? ? ? ? ??? ? ??? ? ? ? ? ? ? 
?????? ?? ??????????? ???? ???????? ??? ???? ??????? u   the   velocity   vector,   t   the   time,   p   the  
pressure,   T   the   stress   tensor   and   f   the   body   forces.   The   first   equation   describes   the  
conservation   of   the   mass   and   the   second   one   the   conservation   of   momentum.   In   large  
arteries,   the  blood   can  be   considered  an   incompressible   flow   (constant   ?)   hence   the   first  
equation  can  be  simplified  to  ? ? ? ? ??  
Due  to  their  mathematical  complexities,  these  equations  cannot  be  solved  analytically  and,  
for  this  reason,  a  CFD  approach  is  necessary.  Different  numerical  methods  are  available  for  
CFD  modelling  of  hemodynamics;  one  of  the  most  common  is  the  finite  volume  method.  In  
this  approach,  the  fluid  domain  under  investigation  is  divided  in  a  finite  number  of  volumes  
(mesh)  on  which  the  governing  equations  for  pressure  and  velocity  are  discretised  to  form  a  
set  of  linear  equations  that  are  solved  iteratively.    
When  modelling  blood  flow,  the  first  step  involves  the  definition  of  the  vascular  geometry  
and  the  creation  of  the  mesh  (Figure  1-­‐4).  It  is  important  that  the  mesh  is  sufficiently  refined  
to  obtain  an  accurate  reproduction  of  the  initial  domain  and  to  ensure  that  all  the  essential  
flow   details   are   captured.   Subsequently,   the   flow   environment   at   the   boundary   of   the  
domain   must   be   defined.   This   step   involves   the   prescription   of   boundary   conditions,   in  
terms  of  velocity  or  pressure,  at  the  inlet  and  outlet  sections  of  the  geometry.  Finally  a  CFD  
simulation   is   carried   out   using   commercial   or   in   house   solvers.   After   the   simulation   has  
reached  a  sufficient  convergence,  the  flow  is  analysed  and  flow-­‐derived  quantities  such  as  
WSS  can  be  computed.  As  mentioned  in  the  previous  section,  this  approach  is  widely  used  in  
the  scientific  community  and  has  provided  significant  insight  into  the  characteristic  of  blood  
flow   in   arteries.   In   this   thesis,   CFD   simulations   have   been   employed   to   characterise   the  
hemodynamics   in   the   porcine   aorta   and   carotid   arteries.   The   details   of   the   modelling  





Figure  1-­‐4  Representative  workflow  from  medical  image  to  CFD  simulation.  
1.6	  Animal	  models	  of	  atherosclerosis	  
A   variety   of   small   and   large   animal  models   have   been   used   to   understand   the  molecular  
mechanisms   underlying   atherosclerotic   plaque   formation   and   progression,   as   well   as   the  
occurrence   of   associated   cardiovascular   events.   Widely   used   models   include   mice89,  
rabbits157,  pigs76  and  dogs66.  
High-­‐fat,  atherogenic  diet  is  usually  administered  to  accelerate  the  onset  of  the  disease.  In  
rabbits,   spontaneous   plaque   development   is   quite   rare   but   lesions   can   be   induced   by  
cholesterol-­‐enhanced  diet158.  Murine  atherosclerosis  models  rely  on  the  genetic  ablation  of  
ApoE   or   the   LDL   receptor   (LDLR)28,159.   The   combination   of   genetic   manipulation   with  
administration  of  high-­‐cholesterol  diet  can  significantly  accelerate  the  formation  of  lesions.  
Smaller  laboratory  animals  have  the  advantage  of  their  relatively  low  cost  of  purchase  and  
maintenance,   ease   of   breeding   and   the   relatively   rapid   progression   of   atherosclerosis160.  
However   they   also   present   significant   differences   compared   to   humans.   For   example,   in  
humans  lesions  occur  more  frequently  in  the  coronary,  carotids  and  peripheral  vessels  while  
mice  more  often  develop  lesions  in  the  aortic  root  and  arch.  In  addition,  murine  lesions  do  
not  characteristically  develop  the  thick  fibrous  cap  seen  in  chronic  human  atherosclerosis160.  
On  the  contrary,  pigs  present  several  advantages:  they  have  a  human-­‐like  lipoprotein  profile  
and   spontaneously   develop   complex   atherosclerotic   lesions,   including   in   the   coronary  
arteries.   Their   large   size   allows   non-­‐invasive   measurement   of   arteries   and   sufficient  
harvesting  of   tissue   for  analysis.   However   larger   animals   are  more  expensive   to  purchase  
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and   maintain   in   appropriate   animal   facilities.   In   addition,   the   development   of  
atherosclerotic  lesions  usually  involves  a  longer  time  than  in  the  mouse  (Table  1-­‐1).    
No   animal   model   is   ideal   as   each   presents   advantages   and   limitations,   however   animal  
studies  contributed  enormously  to  our  understanding  of  the  atherogenic  process  and  they  
are   likely   to   become   increasingly   relevant   in   the   future   with   the   advances   of   genetic  
techniques.   In   this   thesis,   we   used   pigs   to   assess   the   relationship   between   WSS   and  
endothelial  transcriptome  for  the  several  advantages  offered  by  this  specie.      	  
Species   Advantages   Disadvantages  
Mouse  
? Low  purchase  and  
maintenance  cost  
? Easy  to  breed  
? Easy  genetic  manipulation  
? Rapid  atherosclerosis  
progression  
? Plaques  distribution  different  
from  humans  
? Limited  tissue  availability  
? Significant  limitations  in  CT  and  
MR  imaging  due  to  the  small  
size    
Rabbit  
? Easy  to  breed  
? Cholesterol  sensitive  
? Plaques  distribution  different  
from  humans  
? Modest  genetic  modifications    
Pig  
? Atherosclerosis  distribution  
similar  to  humans  
? Large  tissue  availability  
? High  quality  MR  and  CT  data  
? High  cost  
? Limited  facilities  available  
? Long  disease  progression  time  
Table  1-­‐1  Summary  table  of  animal  models  advantages  and  disadvantages  
An  interesting  model  designed  to  provide  direct  evidence  of  the  relationship  between  WSS  
and  plaque  development   is  the  extravascular  constrictive  cuff102.  The  geometry  of  the  cuff  
has   been   designed   to   produce   highly   disturbed   flow   characterized   by   vortices   and   flow  
reversal   in  a   segment  of   the  murine   carotid   artery.   It   consists  of   two  halves  with   a   cone-­‐
shaped   lumen   that  narrows  downstream  to  a  diameter   that   is  half  of   the  diameter   in   the  
upstream   region.   Placement   of   the   cuff   induces   a   change   in   the   geometry   of   the   carotid  
artery   altering   the   local   hemodynamics   and   generating   complex   flow   patterns89.   The  
increase  in  resistance  from  the  stenosis  induces  a  reduction  of  blood  flow,  hence  low  shear  




cuff   region  while   the  sudden  widening  of   the  cross-­‐sectional  area  downstream  of   the  cuff  
induces   flow   recirculation161.   Previous   studies   of   the   murine   carotid   arteries   have  
demonstrated  that  placement  of  the  cuff  creates  both  low/oscillatory,  pro-­‐atherogenic,  and  
high,   protective,   shear   stress   profiles89,102,162.   The  main   advantage   of   this  model   is   that   it  
allows   to   investigate   in-­‐vivo   the   direct   causal   relationship   between   WSS   and   vascular  
physiology.  Additionally,  the  cuff  induces  reproducible  and  expected  effects  of  flow  on  EC.  In  
this  study,  we  translated  this  model  to  the  pig  for  the  first  time  (Chapter  3).    
1.7	  In	  vitro	  flow	  systems	  
Over   the   past   decades,   several   in   vitro   systems   have   been   developed   to   reproduce  
important  characteristics  of  blood  flow  in  arteries,  in  order  to  analyse  the  mechanisms  of  EC  
response  to  flow.  The  most  commonly  used  are  the  cone-­‐and-­‐plate  viscometer123,163,164,  the  
parallel-­‐plate  flow  chamber165-­‐167  and  the  orbital  shaker117,168-­‐170  (Figure  1-­‐5).  
 
Figure   1-­‐5   Schematic   representation   of   in   vitro   flow   systems.   A:   parallel-­‐plate   flow   chamber,   B:   cone-­‐and-­‐
plate  viscometer,  C:  orbital  shaker.  Adapted  from131.  
In   the   cone-­‐and-­‐plate   system,   the   rotation   imposed   around   the   cone   axis   orientated  
perpendicular   to   the   surface   of   the   flat   plate   generates   the   flow   over   the   layer   of   EC.  
Because   the   centrifugal   force   pushes   the   fluid   towards   the   edges   of   the   plate,   this  
configuration  results   in  a  non-­‐uniform  distribution  of  the  flow  across  the  monolayer.  Thus  




the   velocity   of   the   rotation   and   the   cone   taper   angle,   a   range   of   shear   stresses   can   be  
achieved123.  
In  the  parallel-­‐plate  flow  chamber,  the  flow  enters  on  one  side  of  the  chamber  and  exits  on  
the   other   side  maintaining   a   constant   height   over   the  monolayer   of   cells   on   the   bottom  
surface.  This  ensures  the  application  of  a  homogeneous  shear  stress  pattern  to  the  cells.  The  
chamber  is  usually  connected  to  an  air-­‐pressured  pump  that  controls  the  flow  rate  and  can  
reproduce  a  wide  range  of  physiological  shear  stress167.  
In  the  orbital  shaker  system,  EC  are  usually  cultured  at  the  bottom  of  6-­‐well  plates  or  petri  
dishes   and   placed   on   an   orbital   shaker   with   known   rotational   frequency.   This   system  
provides   oscillatory   flow   somewhat   similar   to   the   pulsatile   flow   in   the   human   arterial  
system.  The  motion  of  the  shaker  platform  induces  a  wave  in  the  fluid  that  rotates  around  
the  well   at   an   angular   velocity   corresponding   to   the  orbital   velocity  of   the   shaker117.   This  
creates  a  heterogeneous  WSS  pattern  that   is  a  function  of  both  the  radius  and  the  orbital  
time,  with  cells  cultured   in   the  centre  exposed  to   lower,  multidirectional  WSS  and  cells   in  
the  periphery  exposed  to  pulsatile,  unidirectional  WSS171.  The  advantages  of  this  system  are  
its  simplicity  of  usage,  the  possibility  of  running  multiple  experiments  at  the  same  time  by  
placing  several  plates  on  the  platform  and  a  closer  resemblance  of  the  shear  stress  patterns  
with  the  in  vivo  conditions  (Table  1-­‐2).  In  this  work,  the  orbital  shaker  was  the  main   in  vitro  
system   used   to   study   EC   response   to   flow,   however   selected   experiments   were   also  
replicated  with  the  parallel-­‐plate  flow  chamber.    





System   Advantages   Disadvantages  
Cone-­‐and-­‐plate  
? Heterogeneous  shear  stress  
distribution  over  the  culture  
? Not  compatible  with  live  
imaging  
? Shear  stress  varies  radially  but  
not  temporally    
? Possibility  of  cell  migration  
between  regions  
Parallel-­‐plate  
? Flow  environment  carefully  
controlled  
? Uniform  flow  can  be  applied  
to  the  entire  cell  culture  
? Compatible  with  live  imaging  
? Constant  shear  stress  direction  
with  only  180°  variation  
? Complex  set-­‐up  
Orbital  shaker  
? Pseudo-­‐physiological  flow  
? Multi-­‐directional  shear  stress  
? Easy  set-­‐up  
? Multiple  experiments  can  be  
run  simultaneously    
? Complex  flow  characterization  
? Possibility  of  cell  migration  
between  regions  
? Not  compatible  with  live  
imaging  
Table  1-­‐2  Summary  table  of  in  vitro  flow  systems  advantages  and  disadvantages  
1.8	  Hypothesis	  and	  aims	  
Several  studies  have  provided  evidence  that  blood  flow  contributes  to  the  development  of  
atherosclerosis.  In  addition,  it  has  been  shown  that  endothelial  apoptosis  might  play  a  role  
in  the  initiation  of  the  disease.  Our  work  focuses  on  the  potential  relationship  between  local  
hemodynamics  and  endothelial  apoptosis  that  might   lead  to   lesion  formation  (Figure  1-­‐6).  
More   specifically,   we   hypothesized   that   low/oscillatory   shear   stress   promotes  
atherosclerosis   by   enhancing   the   expression   of   components   of   pro-­‐apoptotic   signalling  
pathways   in  EC.   The   influence  of   shear   stress  on  EC  expression   of   regulators  of  apoptosis  
was   assessed  by   studying   the   EC   transcriptome  at  high   shear  or   low   shear   regions  of   the  
porcine  aorta.    
The  specific  aims  of  this  project  can  be  summarized  as  follows:    




A  combination  of  MRI  and  CFD  was  used   to   characterise   the  blood   flow  and  WSS  
patterns  in  the  porcine  aorta  and  in  carotid  arteries  constricted  with  an  external  cuff  
(Chapter  3  and  4);  
(2) Assess  the  transcriptome  at  regions  exposed  to  high  or  low/oscillatory  shear  stress  
and  identify  shear-­‐responsive  molecules  that  are  candidate  regulators  of  apoptosis  
(Chapter  5);  
(3) Identify  regulators  of  apoptosis  that  are  controlled  by  shear  stress   in  vitro  (Chapter  
6).  
 
Figure   1-­‐6   Outline   of   the   hypothesis   presented   in   this   thesis.   We   hypothesised   that   WSS   influences  
endothelial  apoptosis  (white  arrow)  by  regulating  the  expression  of  pro-­‐  and  anti-­‐apoptotic  genes   leading  to  
plaque   formation.   The   grey   arrows   indicate   the   relations   between   blood   flow/   EC   apoptosis   and  




Chapter	  2 Methods	  
2.1	  In	  vivo	  procedures	  
2.1.1	  Animals	  and	  husbandry	  
Animal  care  and  experimental  procedures  were  carried  out  under  licenses  issued  by  the  UK  
Home  Office  and  local  ethical  committee  approval  was  obtained.  Five  female  landrace  pigs  
of  weight  range  30-­‐40  kg  were  purchased  from  a  local  supplier  and  were  maintained  in  the  
large   animal   facility   at   Hammersmith   Campus,   Imperial   College   London.   The   Magnetic  
Resonance  (MR)  scan  took  place  in  the  Pre-­‐Clinical  Imaging  Facility.  During  the  scan,  the  pigs  
were   intubated   and   anaesthesia   was  maintained   by   inhalation   (Isoflurane/O2)   for   a   total  
duration  of   approximately   6  hours.  At   the  end  of   experimental   procedures,   animals  were  
euthanized  using  a  lethal  intravenous  injection  of  pentobarbital  (>150mg/kg).  
2.1.2	  Surgery	  
A  flow-­‐altering  cuff  was  surgically  placed  around  the  right  common  carotid  artery  of  three  
animals   to   assess   the   effects   of   disturbed   flow,   and   wall   shear   stress   patterns,   on  
endothelial   cells   (Figure   2-­‐1).   The   cuff   consists  of   two  halves  with   a   cone   shaped   interior  
that  results  in  a  constriction  of  the  arterial  lumen.  Due  to  its  tapering  effect,  the  cuff  induces  
an  alteration  of   the  blood   flow   in   the  upstream  and  downstream  regions.  A   control,  non-­‐
constrictive  cuff  was  applied  to  the  left  common  carotid  artery.  
The  animals  were  fasted  for  12  hours  prior  to  intramuscular  sedation  using  a  combination  
of  Ketamine  (10mg/kg)  /Xylazine  (1  mg/kg).  During  the  surgery,  the  animals  were  intubated  
and  anaesthetized  with  Isoflurane  5%.  The  neck  was  opened  with  a  single  incision  and  the  
adventitia  vessels  were  tied  off  with  silk  (4-­‐0)  sutures  to  separate  them  from  the  carotids.  A  
vasodilator   (Papavarene,   15mg/ml)   was   applied   to   the   carotids   for   10   minutes   and   the  
diameter  of  the  vessels  was  measured  with  callipers  to  determine  the  best  fitting  cuff.    The  
cuffs  were  placed  around  the  common  carotid  arteries  and  fixed  with  a  silk  suture  (4-­‐0).  An  
analgesic  (Buprenorphine,  0.01mg/kg)  was  given  to  the  animals  approximately  20  minutes  
before  the  end  of  surgery.  The  wound  was  sutured  using  vicryl  (2-­‐0)  and  prolene  (2-­‐0)  and  
the   animals   were   allowed   to   recover   for   7   days   before   undergoing   the   MR   scan.   An  





Figure  2-­‐1  A  constrictive  cuff  with  a  cone-­‐shaped  interior  (A)  was  applied  to  the  right  common  carotid  artery  
(B)  to  alter  the  blood  flow  
2.1.3	  Magnetic	  Resonance	  Imaging	  
Magnetic   Resonance   is   a   non-­‐invasive   imaging   technique   that   is   widely   used   to   analyse  
cardiac  function  and  blood  flow.  Different  modalities  are  available  to  suit  the  application.  In  
this   study   Black   Blood,   Phase   Contrast   and   Time   of   Flight   MRI   were   employed   to  
characterise  the  geometry  and  flow  at  the  aortic  arch  and  common  carotid  arteries  of  five  
pigs.  
Geometries  were  acquired  by  ECG-­‐gated  Black  Blood  Turbo  Spin  Echo  vessel-­‐wall   imaging  
MR  using  a  3T  whole  body  MR  scanner  (Siemens).  This  technique  uses  the  flow  void  effect  
as  blood  passes  through  the  selected  slice  to  better  visualise  the  vascular  wall.  Furthermore  
the  imaging  was  ECG-­‐gated  to  take  into  account  the  motion  of  the  vessel  due  to  the  beating  
heart:  each  image  was  acquired  at  the  same  time  point  of  the  cardiac  cycle.  Approximately  
12  cm  for  the  aorta  and  6  cm  for  the  carotids  were  imaged  with  in-­‐plane  spatial  resolution  
of  0.976x0.976  mm2  and  slice  thickness  of  3  mm  for  the  aorta  and  2  mm  for  the  carotids.  In  
order  to  reduce  the  total  imaging  time,  a  gap  between  sections  was  introduced  during  the  
acquisition,  however  regions  characterized  by  complex  geometry  such  as  the  aortic  arch  and  
the  cuff  region  were  imaged  with  contiguous  slices.    
3D  Phase  Contrast   (PC)  MRI  was  used  to  measure   the  flow   in   the  volume  of   interest.  This  
technique  employs  two  opposing  gradient  pulses  to  distinguish  between  static  tissues  and  




for   through-­‐plane   velocity  were   set   at   120   cm/s   for   the   aorta   and  150   cm/s   for   carotids,  
while  the  in-­‐plane  velocity  encoding  gradients  were  set  at  60  cm/s.  The  three  dimensional  
velocity  was  acquired  at  30   time  points  equally   spaced  over   the  cardiac  cycle  at  different  
anatomical  locations:  just  above  the  aortic  valve,  the  descending  aorta,  the  branches  of  the  
aortic   arch   and   the   upstream   and   downstream   regions   of   the   cuff   in   the   carotids.   The  
velocity   profile   was   derived   from   the   pixel   intensity   of   PC-­‐MR   images   using   the   linear  
relationship:   v=VENC*pixel   phase   shift/180.   Time-­‐of-­‐Flight   (TOF)   MR   Imaging   was   also  
performed  to  acquire  reference  magnitude  images  for  the  velocity-­‐encoded  measurements  
(Figure  2-­‐2).  
 
Figure  2-­‐2  (A)  Time-­‐Of-­‐Flight  and  (B)  Phase  Contrast  images  of  blood  flow  in  the  porcine  ascending  aorta  at  a  
single  time  point  of  the  cardiac  cycle  
2.2	  Computational	  fluid	  dynamics	  
Blood  flow  in  porcine  arteries  was  modelled  using  computational  fluid  dynamics  (CFD)  that  
consists  of  modelling  the  local  hemodynamics  by  numerically  solving  the  partial  differential  
equations  of  fluid  dynamics  given  the  domain  geometry  and  the  boundary  conditions.  This  
section  describes  the  main  steps  of  CFD  analysis  from  the  geometrical  reconstruction  to  the  
flow  simulation.  
2.2.1	  Reconstruction	  of	  the	  geometry	  
Black  Blood  MR  images  were  imported  into  the  commercial  software  Amira  (Visage  Imaging  
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images  were  segmented  using  an  intensity  threshold  based  method.  When  the  contours  of  




required.  An  intensity  isosurface  was  then  determined  from  these  contours.  
Further  processing  was  carried  out  using  the  open-­‐source  software  VMTK  (www.vmtk.org).  
Firstly,   the   surface  was   smoothed  with   a   low-­‐pass   filter   (frequency=0.1,   iterations=30)   to  
remove   irregularities   introduced  during   the   scan  and   segmentation  process.   Further,   flow  
extensions  were  added  from  each  outflow  vessel  (length=20÷30  diameters).  Such  extensions  
allow   the   full   development   of   the   flow   in   the   domain   of   interest   thus   ensuring   that   the  
boundary  conditions  do  not  force  the  solution  in  the  actual  vessel.    Lastly,  an  additional  low-­‐
pass   filter   (frequency=0.1,   iterations  20)  was  applied   to   smooth  the   final   surface  with   the  
flow  extensions.  
2.2.2	  Volume	  mesh	  generation	  
Since   the   flow  equations  are   solved  using  a   finite   volumes   strategy,   the  arterial   geometry  
has  to  be  divided  into  a  finite  number  of  smaller  volumes,  called  elements.  All  the  volumes  
together  form  a  mesh  that  is  the  discrete  representation  of  the  geometry  of  the  problem.    
In  this  study  an  initial  surface  mesh  was  constructed   in  Gambit  2.4.6  (ANSYS,  Inc.)  then  the  
volume  mesh  was  generated  with  Tgrid   (ANSYS,   Inc).   Initially  prismatic  boundary   layers  of  
increasing   thickness  were  defined;   the  mesh  elements  were   finer   close   to   the  boundaries  
and  coarser  away  from  them.  Then  an  interior  mesh  of  tetrahedral  elements  was  generated.  
The  final  volume  mesh  contained  more  than  1,200,000  elements.  
2.2.3	  Solver	  
The  fluid  behaviour  in  arteries  is  defined  by  the  three-­‐dimensional  Navier-­‐Stokes  equations  
for  conservation  of  mass  and  momentum.  However  these  equations  cannot  be  analytically  
solved  in  complex  geometries  as  the  arterial  vasculature,  hence  numerical  methods  have  to  
be   employed.   In   this   study,   the   equations  were   solved  with   the   finite   volume-­‐based   CFD  
code   Fluent   6.2   (ANSYS   Inc,   Pennsylvania,   US).   The   simulations   were   performed   under  
steady  and  unsteady  conditions.  Time-­‐dependent  solutions  were  obtained  using  an  implicit  
scheme.  The  PISO  formulation  was  used  for  pressure-­‐velocity  coupling  and  the  second-­‐order  
upwind  method  was  applied  to  solve  the  equations  at  each  time  step.  Blood  was  assumed  to  
be   an   incompressible,   Newtonian   fluid   with   constant   density   1040   kg/m3   and   dynamic  




state  that  was  usually  reached  at  the  third  cardiac  cycle.  The  results  were  also  checked  for  
mesh   independence   by   running   simulations   on   three   grids   per   geometry   to   determine  
whether  the  correct  solution  had  been  obtained  to  a  given  level  of  tolerance.   
Dimensionless	  numbers	  
The   flow   characteristics   can   be   described   using   two   non-­‐dimensional   parameters:   the  









where  D   is   the  hydraulic   diameter   at   the   inlet  of   the   geometry,  U   is   the   average   inflow  
velocity?? ?? ??? ???? ???????? ??? ???? blood?? ?? ??? ???? dynamic   ?????????? ???? ?   (=1/T)   is   the  
frequency  of  the  pulsation.  
The   Reynolds   number   is   a   measure   of   the   ratio   of   inertial   forces   to   viscous   forces   and  
describes   the   transition   from   laminar   to   turbulent   flow   regime.   At   high   Re   values,   the  
inertial   forces  dominate   and   the   flow  becomes   turbulent.  Blood   flow   in   arteries   is  mainly  
laminar,   however   in   certain   conditions,   like   severe   stenosis,   transition   to   turbulence  may  
occur.   In   the   present   study,   the   work   is   limited   to   laminar   flow   conditions   as   the   flow   is  
within   the   threshold   of   laminar   transition   (Re<2000)   for   axi-­‐symmetric   tubes.   However  
transition  to  turbulence  for  severe  carotid  stenosis  is  discussed  in  Chapter  3.  
The  Womersely  number  represents  the  pulsatile  flow  frequency  in  relation  to  viscous  forces.  
Small  W0  values  (<1)  indicate  that  the  frequency  of  the  pulsation  is  sufficiently  low  that  the  
velocity   preserves   its   parabolic   profile   throughout   the   cardiac   cycle.   If   W0>10,   this  
assumption  is  not  valid  anymore  and  the  velocity  profile  flattens.  
2.2.4	  Boundary	  conditions	  
Inflow	  boundary	  conditions	  
The   flow   at   the   inlet   of   the   geometry   was   defined   with   a   velocity   profile.   The   velocity  




In  steady  state,   the  velocity  was  averaged  over  the  cardiac  cycle  and  the  mean  value  was  
used  for  the  inflow  condition  (Table  2-­‐1).  
At   the  aortic   root,   the  velocity  was  assumed  to  be  uniform  skewed   towards  a   side  of   the  
vessel   due   to   the   presence   of   secondary   components   (Figure   2-­‐3).   A   parabolic   time-­‐
dependent  velocity  profile  was  applied  at  the  inlet  of  the  common  carotid  artery  based  on  
the  average  cross-­‐sectional  velocity  measured  with  PC-­‐MRI.  
 
Figure   2-­‐3   Three-­‐dimensional   velocity   profile   (m/s)   at   the   inlet   of   the   ascending   aorta   used   as   boundary  
condition  for  the  CFD  simulation.  
Aortic  root   Right  common  carotid  
958   271  
1282   189  
1105   79  
964   -­‐  
748   -­‐  
Table  2-­‐1  Time-­‐averaged  Reynolds  number  for  the  aortic  arch  and  common  carotid  of  the  five  animals  under  
study 
Outflow	  boundary	  conditions	  
In   the   aortic   arch   simulations,   the   flow   split   ratio   between   the   descending   thoracic   aorta  
and  the  branches  was  based  on  MR  flow  measurements.  The  specific  data  for  each  animal  




In  addition,  the  flow  was  assumed  to  be  fully  developed  at  the  outlet  of  both  the  aortic  arch  
and  carotid  arteries.  
Descending  
thoracic    
[%  of  inlet  flow]  
Right  subclavian    
[%  of  inlet  flow]  
Left  subclavian      
[%  of  inlet  flow]  
72   18   10  
69   20   11  
72   18   10  
70   20   10  
70   19   11  
Table  2-­‐2  Outflow  split  ratios  for  the  five  aortic  arches  of  the  animals  under  study  
Wall	  boundary	  condition	  
???? ???????????????????? ???????? ??? ??? ???-­‐permeable   and   rigid.   A   no-­‐slip   condition  was  
applied.  However   in   arteries   this   condition  might  not  be   true  because  of   the  presence  of  
glycocalyx,   plasma  membrane  molecules   that  protrude   into   the   lumen  and  might   interact  
with  transmembrane  proteins  leading  to  underlying  cellular  response.    
2.2.5	  Wall	  shear	  stress	  calculation	  
Wall  shear  stress  (WSS)  distributions  were  analysed  in  steady  and  unsteady  conditions.  The  
original  aortic  arch  geometry  was  computationally  cut  over  the  dorsal  wall  and  unwrapped  
using   an   in-­‐house   code   (Matlab   R2008b,   MathWorks,   Massachusetts,   US).   The   2-­‐
dimensional   WSS   map   was   visualized   with   the   endothelial   layer   facing   upwards   using  
Tecplot   360   (Tecplot   Inc,   Washington,   US).   Time-­‐dependent   WSS   was   post-­‐processed   in  
Matlab  R2008b  to  obtain  widely  used  descriptors  of  disturbed  flow:  the  Time-­‐Averaged  WSS  
(TAWSS)  and  the  Oscillatory  Shear  Index  (OSI).  They  can  be  described  as  follows:  











where  T  is  the  period  of  the  cardiac  cycle.  The  OSI  can  vary  from  0  when  the  direction  of  
the  WSS  does  not  change  in  time  to  0.5  when  there  is  a  deflection  of  180°.  
2.3	  Endothelial	  cells	  isolation	  
Endothelial  cells  were  harvested  from  discrete  regions  of  experimental  carotid  arteries  and  
aortas  using  a  combination  of  collagenase  and  scraping  technique  prior  to  the  preparation  
of  mRNA  using  a  silica-­‐based  resin   (Qiagen).  We  validated  this  method   (section  5.2.1)  and  
showed   that   it   allows   to   reliably   isolate   high   quality   endothelial   RNA   from   fresh   tissue  
avoiding  tissue  damage  and  contamination  with  non-­‐endothelial  cells.    
Briefly,  the  fresh  dissected  tissue  was  washed  with  PBS,  then  opened  longitudinally  with  a  
disposable   sterile   scalpel   and   the   areas   of   interest   were   carefully   dissected   to   avoid  
damaging  the  tissue.  A  1  ml  drop  of  collagenase  (1mg/mL  in  M199)  was  placed  on  Parafilm  
previously  cleaned  with  RNase  Zap  to  remove  any  contamination.  The  tissue  sections  were  
the  placed  lumen-­‐side  down  onto  the  collagenase  and  incubated  at  room  temperature  for  
10  minutes.  Afterwards,  the  collagenase  solution  was  collected  in  a  1.5  mL  Eppendorf  tube.  
Using  a  scalpel  blade,  the  tissue  was  gently  scraped  to  collect  only  the  endothelial  layer.  We  
optimised   this   step   to   develop   the   correct   technique   and   to   collect   mostly   ECs   and   not  
underlying   layers  of  SMCs.  The   scraped  cells  were   transferred   to   the  Eppendorf   tube   that  
was  centrifuged  (1000  rpm  for  3  min)  to  separate  the  pellets  and  the  supernatant,  that  was  
discarded.  The  pellets  were  then  suspended  in  RLT-­‐lysis  buffer  for  RNA  extraction  (RNAeasy  
MinElute   Cleanup   kit,   Qiagen).   EC   purity   was   confirmed   qPCR   analysis   of   endothelial  
markers.  
2.3.1	  Monocytes	  isolation	  
Monocytes   were   derived   from   peripheral   blood   mononuclear   cells   (PBMS)   isolated   from  
porcine   blood   (Fresh   Tissue   Supplies,   East   Sussex)   by   density   gradient   centrifugation.  
Heparin  (14.3USP  units/mL-­‐1)  was  added  to  the  blood  to  avoid  coagulation.  The  blood  was  
then  diluted  two-­‐?????????????????????????????????????????????????carefully  layered  on  Ficoll-­‐




(400g  for  40  min)  and  washed  twice  in  EBSS,  with  centrifugation  (100g  for  10  min)  between  
each  wash.   Finally   cells  were   ?????? ????????????????????????????????????-­‐mercaptoethanol  
(Sigma-­‐Aldrich)  and  an  equal  volume  of  70%  ethanol  was  then  added  to  the  lysate.  RNA  was  
isolated   with   the   RNeasy   Mini   Kit   (Qiagen   Ltd,   West   Sussex,   UK)   using   the   procedure  
described  in  section  2.6.1.  
2.4	  Bioinformatics	  
2.4.1	  Microarray	  hybridization	  
Gene  expression  at  different  regions  of  the  porcine  vasculature  was  assessed  by  microarray  
analysis   using   the   GeneChip®   Porcine   Genome   Array   (Affymetrix).   This   array   contained  
23,937   probes   that   interrogated   approximately  23,256   transcripts   from  20,201   Sus   scrofa  
genes.  
Initially  RNA  was  isolated  from  EC  using  an  RNAeasy  MinElute  Cleanup  Kit  (Qiagen).  Further  
???????????????????????????????????????????? ???????????????? ???????????????????????????????
Express  Kit  (Affymetrix).  The  integrity  of  total  RNA  samples  was  assessed  using  a  Bioanalyser  
(Agilent).   Lastly,   labelled   cDNA   was   hybridized   to   the   microarray   platform   by   the   MRC  
genomics  laboratory,  Imperial  College  London.    
The   porcine   array   was   then   analysed   with   a   GeneChip   Scanner   3000   enabled   for   high-­‐
resolution   scanning   and   the   images   were   converted   into   data   files   for   the   subsequent  
bioinformatics  analysis.      
2.4.2	  Microarray	  bioinformatics	  analysis	  
Data   analysis   was   performed  with   GeneSpring   software   GX   11   (Agilent).   Firstly,   raw   data  
were  normalized  to  adjust  for  systematic  errors  introduced  by  differences  in  the  procedure  
and  not  by   true  biological   differences.   Data  were   processed  using   the  Robust  Multi-­‐Array  
Analysis   (RMA)  algorithm172.  Briefly,   raw   intensity  values  were  background  corrected,   log2  
transformed   and   normalized   with   quantile   normalization.   Then,   in   order   to   obtain   an  
expression   measure   for   each   probe   on   the   chip,   a   probe   summarization   using   median  
polishing   was   carried   out.   Subsequently,   total   detected   entities   were   filtered   by   signal  
intensity  value  (lower  cut-­‐off  20th  percentile)  and  error  (coefficient  of  variation  in  the  same  




reproducible   signal   values  among   the   replicated  experiments.   Lastly   signals  were   selected  
for   statistical   analysis   if   they   were   above   microarray   background   in   at   least   3   of   the   5  
experiments.  
Differentially   expressed  probes  were   identified  ???????????? ???????? ????????? ?????????? ?-­‐
test  adjusted  for  multiple  comparison  with  a   false  discovery  rate  analysis   (p<0.05).  Probes  
showing   a   statistically   significant   difference   were   annotated   according   to   their   function  
using   DAVID   (http://david.abcc.ncifcrf.gov).   DAVID   is   a   free   tool   that   extracts   biological  
theme  from  large  sets  of  genes  and  groups  together  functional  annotations  that  have  similar  
genes  members.  In  this  study,  a  high  classification  stringency  (p<0.05)  was  applied  to  control  
the  grouping  algorithm  while  kappa  similarity,  classification  and  count  threshold  were  set  at  
default  levels.  
2.5	  Endothelial	  Cell	  Culture	  
2.5.1	  Human	  umbilical	  vein	  endothelial	  cell	  isolation	  and	  culture	  
Human  umbilical  vein  endothelial  cells  (HUVEC)  were  isolated  from  umbilical  cords  donated  
by  the  Departmen???????????????????????????????????????????????????????????????????????????
isolation  procedure  was  performed  under  a  flow  cabinet.  
Umbilical   cords  were   stored   in  Hanks  balanced   salt   solution  with  calcium  and  magnesium  
(HBSS,  Sigma-­‐Aldrich)  after  collection  from  the  maternity  ward.  The  cords  were  then  placed  
in   the   flow   cabinet   and   wiped   with   sterile   tissue   soaked   in   70%   ethanol   to   remove   any  
excess  blood.  A  three-­‐way  connecta  tap  (Bunzl  Healthcare)  was   inserted  at  the  end  of  the  
vein  and  fixed  in  place  with  surgical  suture,  then  the  vessel  was  flushed  with  HBSS  to  wash  
out  blood  and  identify  leaks,  that  were  closed  using  crocodile  clips.  After  washing,  a  second  
three-­‐way  connect  tap  was  secured  at  the  other  end  of  the  vein  and  the  cord  was  perfused  
with  approximately  20ml  of  warm  collagenase  (0.5mg/ml,  Roche)  and  incubated  in  5%  CO2  
at  37°C  for  20  minutes  to  facilitate  the  detachment  of  endothelial  cells  (ECs)  from  the  vessel  
wall.   The   cord   was   gently   massaged   after   the   incubation   to   further   detach   ECs.   The  
collagenase  solution  containing  ECs  was  collected  in  a  50ml  falcon  tube  (Appleton  Woods)  
and   additional   HBSS  was   passed   through   the   vein   and   transferred   to   the   tube   to   ensure  




The  pooled  collagenase  solution  containing  ECs  was  centrifuged  at  1000  rpm  for  7  minutes  
(Allegra  X-­‐6R  Centrifuge,  Beckman  Coulter)  leaving  a  pellet  of  cells  and  supernatant  that  was  
discarded.  The  cell  pellet  was  resuspended  in  15ml  of  complete  growth  media  (Medium  199  
???????????? ?????? ??????????????????? ?-­‐Glutamine,   5mM  L-­‐Glutamine,   100U/ml  Penicillin,  
????????? ?????????????? ???? ?????? ??????? ??????? ???????? ???????????? ????? ??????? ????????
Sigma-­‐Aldrich)  and  transferred  to  a  75  cm2  cell  culture  flask  (Appleton  Woods)  coated  with  
1%  gelatine  (Fisher  Scientific).  The  day  after  isolation,  cells  were  carefully  washed  with  HBSS  
to  remove  blood  residuals  and  fresh  growth  media  was  added  to  the  flask.    
Cells  were   passaged  when   they   reached   confluency.   HUVEC  were  washed  with  HBSS   and  
incubated  with   Trypsin   (TrypLE   Express,   Invitrogen)   for   2  minutes   at   37°C   to   detach   cells  
from  the  culture  flask.  Complete  cell  detachment  was  checked  under  the  microscope  then  
10ml  of  HBSS  were  added  to  dilute  the  trypsin  and  the  suspension  was  centrifuged.  The  cell  
pellet   was   resuspended   in   complete   growth  media   and   split   between   two   75   cm2   flasks  
coated  with  1%  gelatine.  During  experiments,  HUVECs  were  cultured  on  fibronectin-­‐coated,  
6-­‐well  plates  or  were  grown  on  fibronectin-­‐coated,  round  glass  coverslips  (diameter  34mm,  
Thermo  Scientific),  attached  to   the  bottom  of  a  6-­‐well  plate  using  nail   varnish.  Cells  were  
used  between  passages  2  and  5.  
2.5.2	  Porcine	  aortic	  endothelial	  cell	  culture	  
The  porcine  aortas  were  ordered  from  a   local  supplier   (Fresh  Tissue  Supplies,  East  Sussex)  
and   transported   in   HBSS   supplemented   with   Penicillin   (100U/ml,   Sigma-­‐Aldrich)   and  
?????????????????????????????-­‐Aldrich).  Upon  delivery  they  were  removed  from  transport  
solution  and  placed  under  a  flow  cabinet  to  avoid  contamination.  The  descending  aorta  was  
separated   from   the   aortic   arch   using   a   scalpel   blade,   then   excessive   fat   and   connecting  
tissue  were  cut  off  from  the  aorta  to  expose  the  ends  of  the  intercostal  arteries.  These  small  
vessels  were   tied   off   using   fine   cotton   thread   then   the   aorta  was   perfused  with  HBSS   to  
flush  out  blood.  Two  three-­‐way  connect  taps  were  secured  at  both  ends  of  the  vessel  that  
was  filled  with  warm  collagenase  solution  (0.2  mg/ml,  Roche)  and  incubated  for  10  minutes  
in  5%  CO2  at  37°C.  
Following   incubation,   the   vessel   was   massaged   to   facilitate   cell   detachment   from   the  
extracellular  matrix.  The  collagenase  solution  was  collected  in  a  50  ml  falcon  tube  and  the  




centrifuged   at   1000   rpm   for   7   minutes   leaving   a   cell   pellet   and   supernatant   that   was  
discarded.   The   cell   pellet   was   resuspended   in   5   ml   complete   growth   media   (???????????
????????? ???????? ??????? ????? ????????? ????????? ???? ??????? ???????????,   without   L-­‐
Glutamine,   5mM   L-­‐??????????? ???????? ???????????? ????????? ?????????????? ?????????
?????????????? ???? ?????? ??????? ??????? ??????? ???????????? ????? ??????? ???????? ?????-­‐
Aldrich)   and   transferred   to   a   25   cm2   culture   flask   (Appleton   Woods)   coated   with   1%  
gelatine.   Porcine   aortic   endothelial   cells   (PAEC)  were   cultured   for  24  hours   then   carefully  
washed  with  HBSS  to  remove  debris  and  blood,  and  5  ml  of  fresh  growth  media  were  added  
to   the   flask.   Upon   confluency,   cells   were   transferred   to   a   75   cm2   culture   flask   and   later  
passaged  with  the  procedure  described  in  the  previous  section.  For  experiments,  PAEC  were  
cultured  on  6-­‐well  plates  or  round-­‐glass  coverslips  coated  with  fibronectin.  
2.5.3	  Gene	  silencing	  (siRNA)	  
Small   interfering   ribonucleic   acid   (siRNA)   was   introduced   into   HUVEC   and   PAEC   by  
electroporation   to   assess   the   function   of   selected   genes.   Electroporation   was   performed  
?????????????????????????????????????????????????? ???????????????????????????????????????
MP-­‐100,   Life  Technology).  The  protocol  was  optimised   to  maximize   transfection  efficiency  
and   details   can   be   found   in Table   2-­‐3.   siRNAs   were   used   for   gene   silencing   at   a   final  
concentration  of  100nM  and  can  be  found  in  Table  2-­‐4.  Ambion®  Silencer®  Negative  Control  
#1   from   Invitrogen   containing   no   significant   sequence   similarity   to  mouse,   rat,   or   human  
gene  sequences  was  used  as  a  negative  control.  
After  transfection,  cells  were  plated  at  90%  confluency  on  fibronectin-­‐coated  6-­‐well  plates  
or  round  glass  coverslips  using  complete  growth  medium  without  antibiotics.    
Cell  type   Pulse  voltage  (V)   Pulse  width  (ms)   Pulse  number   Tip  volume  
HUVEC   1350   30   1   100?l  
PAEC   1200   20   2   100?l  
Table  2-­‐3  Electroporation  parameters  for  siRNA  transfection  





Target   Catalogue  Number/  Sequence      Supplier  
PERP  




















sc-­‐270381      Santa  Cruz  Biotechnology  
PERP  
homo  sapiens  
sc-­‐61326      Santa  Cruz  Biotechnology  
PDCD2L  
homo  sapiens  
sc-­‐97629      Santa  Cruz  Biotechnology  
P53  
homo  sapiens  
sc-­‐29435      Santa  Cruz  Biotechnology  
Table  2-­‐4  siRNA  details    
2.5.4	  Application	  of	  shear	  stress	  
The  effects  of  different  flow  conditions  on  ECs  physiology  were  studied  using  two  different  
in  vitro  flow  systems  described  in  the  following  sections.  
Orbital	  shaker	  
HUVEC   were   cultured   in   fibronectin-­‐coated   6-­‐well   plates   or   in   fibronectin-­‐coated   round  
glass  coverslips  attached  to  the  bottom  of  the  6-­‐well  plate  and  they  were  exposed  to  shear  
stress  using  an  orbital  shaker  (Grant  bio  POS-­‐300,  Keison,  UK).  This  system  induces  a  swirling  
motion   of   the   fluid   over   the   cells   at   the   bottom  of   the   plate   therefore   creating   different  





Figure  2-­‐4  Wall  shear  stress  (WSS)  acting  on  central  and  peripheral  region  of  an  orbiting  6-­‐well  plate.  WSS  
quantification  throughout  one  orbit  (left)  one  orbit  (120  r.p.m.;  3ml  complete  growth  media/well)  and  map  of  
WSS  magnitude  at  a  single  time-­‐point  (right).  
Previous  studies169,173  have  characterized  the  flow  in  this  system  and  have  found  that  in  the  
centre  of  the  well  the  magnitude  of  the  shear  stress  is  low  and  there  is  little  fluctuation  over  
time.   Conversely,   in   the   periphery,   there   are   temporal   fluctuations   in   the   magnitude   of  
shear  stress  and  the  maximum  shear  stress  is  relatively  high.  In  the  centre  the  direction  of  
the  flow  varies  very  rapidly  while   in  the  periphery  it   is  more  uniform.  Thus  the  flow  in  the  
periphery  exhibits  temporal  oscillations,  similar  to  pulsatile  flow  in  human  arteries,  whereas  
in  the  centre  the  flow  is  relatively  low  and  disturbed  with  maximal  rotational  variation.  
In  this  study,  the  platform  had  a  circular  orbit  with  a  radius  of  1  cm,  the  rotation  frequency  
was  set  to  210  rpm  and  3ml  of  complete  growth  media  were  added  to  each  well.  During  the  
course   of   the   experiment,   the   shaker   and   cells   were   positioned   inside   a   cell   culture  
incubator   (5%   CO2,   37°C)   for   24   or   72   hours.   In   parallel,   HUVEC   were   cultured   in   the  
incubator  in  static  conditions  as  a  control.    
	  Ibidi	  pump	  system	  
The   ibidi   pump   system   was   used   to   simulate   unidirectional,   oscillating   flow   resembling  
physiological   conditions   in   vitro.   The   system   is   composed   of   a   computer-­‐controlled   air  
pump,   two   cell  media   reservoirs,   a   perfusion   set   and   sterile   slides   for   cell   culture   (Figure  
2-­‐5).  Cells  are  grown  on  microslides  and  can  be  exposed  to  a  variety  of  flow  patterns.  The  
flow  is  mono-­‐axial  as  it  follows  the  slide  channel,  but  its  direction  can  be  switched  in  time  to  
generate  oscillatory  flow.  The  PumpControl  software  regulates  the  pressure  and  flow  rate,  





Figure  2-­‐5  Schematic  setup  of  the  ibidi  pump  system  (from  Instruction  manual  ibidi  Pump  System,  ibidi  
GmbH)  
In   this  study,  a   red  perfusion  set   (#10962,   Ibidi  GmbH,  Germany)  was  used   in  conjunction  
??????-­‐Slide  I  0.4  Luer  (#80176,  Ibidi  GmbH,  Germany)  therefore  it  was  possible  to  recreate  
a  shear  stress  range  of  3.49÷43.66  dyne/cm2  either  unidirectional  or  oscillatory.    
The   system   calculates   the   shear   stress   using   the   approximation   of   flow   in   a   pipe   with  
rectangular  cross-­‐section.  Assuming  the  dynamical  viscosity  of  the  fluid  to  be  equal  to  the  
?????????????????????????????????2?????????????????????????????????????????-­‐slides  I  0.4  Luer  
can  be  written  as:  
? ?
????





with   1%   gelatine   for   30   minutes   then   they   were   left   to   dry   in   the   incubator   at   37°C  
overnight.   Following   the   trypsin  procedure  described   in   Section   2.5.1,   slides  were   seeded  
???????????????????????????????????????????????????????????????????????? ????????????????
to  both  side  reservoirs.  The  perfusion  system  was  filled  with  12.3ml  of  complete  media  and  
left   in   the   incubator   at   37°C   for   4   hours   to   facilitate   gas   release   from   the   liquid   and   the  
plastic   in   order   to   avoid   air   bubbles   during   the   experiment.   Afterwards   the   slides   were  
connected  to  the  system  and  the  desired  flow  conditions  were  set  on  the  software  to  start  




2.6	  Quantitative	  Real	  Time-­‐PCR	  
2.6.1	  RNA	  extraction	  	  
RNA   was   isolated   from   HUVEC   and   PAEC   using   the   RNeasy   Mini   Kit   (Qiagen   Ltd,   West  
Sussex,   UK).   In   order   to   separate   ECs   exposed   to   low   or   high   shear   stress   in   the   orbital  
shaker  system,  cells  were  removed  from  the  centre  or  periphery  of  a  well  of  a  6-­‐well  plate  
by  gentle  scraping  using  the  rubber  insert  of  a  1ml  syringe.  The  central  region  was  circular  
and   had   a   radius   of   0.5   cm,  whereas   the   periphery   had   a   ring   shape  with   radius   0.8   cm  
(Figure  2-­‐6).  Then  ECs  isolated  from  central  or  peripheral  regions  were  pooled  from  3  wells  
and  the  RNA  was  purified  with  the  following  procedure.  
 
Figure  2-­‐6  Diagram  of  the  location  of  central  and  peripheral  regions  of  the  culture  well  
The  RNAeasy  Mini  Kit  is  composed  of  RNeasy  spin  columns,  RLT  buffer,  RW1  buffer,  RNAse  
????? ??????? ??????????? ?????? ???? ???? ???????? ?????? ????? ?????? ????? ?????? ???? ??????? ?????
?????????-­‐mercaptoethanol  (Sigma-­‐Aldrich)  and  an  equal  volume  of  70%  ethanol  was  then  
added  to  the   lysate.  The  mixture  was  transferred   into  the  RNeasy  spin  column  placed   in  a  
2ml   collection   tube   and   centrifuged   at   15,000   x   g   for   15   seconds.   The   flow-­‐through  was  
discarded  and  700?l  of  Buffer  RW1  were  added  to  the  column  that  was  centrifuged  again  
for  15  seconds.  After  discarding   the  flow-­‐through,  500?l  of  Buffer  RPE  were  added  to   the  
column  and  the  procedure  was  repeated  twice.  Lastly,  the  RNeasy  spin  column  was  placed  
in   a   1.5ml   collection   tube   and   30?l   of   RNAse   free  water  were   added  directly   to   the   spin  
column   membrane   to   elute   the   RNA.      The   tube   was   centrifuged   for   1   minute,   the   spin  
column  was  discarded  and  the  RNA  stored  at  -­‐80°C.  





2.6.2	  cDNA	  synthesis	  
For   synthesis   of   cDNA,   a   final   concentration   of   500ng   of   total   RNA  was   used.   cDNA  was  
synthesized   using   qScript   cDNA   SuperMix   (Quanta   Biosciences)   and   the   proprietary  
mastermix  provided  all  necessary  components  for   first-­‐strand  synthesis.  A   total  volume  of  
25?l,  composed  of  5?l  qScript  and  20?l  of  RNA  and  ddH2O,  was  added  to  8-­‐well  tube  strips  
(Fisher  Scientific).  The  solution  was   then   incubated  at  25°C   for  15  minutes;  at  42°C   for  30  
minutes;   at   85°C   for   5   minutes   using   a   thermocycler   (T3   Thermocycler,   Biometre).   The  
resulting  cDNA  was  then  stored  at  4°C.  
2.6.3	  Quantitative	  Real	  Time	  PCR	  
Relative  transcript  expression  was  measured  by  quantitative  real-­‐time  PCR  performed  on  an  
iCycler   (Bio-­‐Rad).   All   samples   were   run   in   triplicate   and   GAPDH   or   B2M   were   used   as  
housekeeper  genes.  Gene  specific  primers  can  be  found  in  Table  2-­‐6.  
  ????????????????????? ???? ????????? ????????? ????????? ???? ???????????????? ?????? ?????????
were  added   into   the  wells   of   a   96-­‐well   reaction  plate   (Bio-­‐Rad).   The  PCR  master  mix  was  
?????????????????????????????????????????????????????????????????2??????????????  both  
forward  and  reverse  primers  (1?M).  After  the  cDNA,  the  master  mix  was  added  to  the  wells  
and  the  plate  was  sealed  with  optical  tape  plate  sealer  (Bio-­‐Rad).  The  real  time  PCR  reaction  
was  then  carried  out  on  the  iCycler  using  the  program  detailed  in  Table  2-­‐5.  
  
Step   Number  of  cycles   Temperature  (°C)   Time  (s)  
1   40   95   180  
2   40   95   5  
3   40   60   60  
4   1   95   10  







Relative   gene  expression  was   calculated  by   comparing   the  number  of   thermal   cycles   that  
were  required  to  generate  threshold  amounts  of  product  (CT).  The  CT  of  each  sample  for  the  
gene  of  interest  was  normalized  to  its  own  housekeeping  gene  CT  ????????????????????????T.  
???? ??T   values   of   the   different   samples   to   be   compared  were   subtracted   thus   obtaining  
???T???????????T  were  then  expressed  as  fold  changes  calculated  as  2-­‐????;  values  above  1  
indicate   a   relative   increase   in   expression   while   value   below   1   indicates   a   decrease   in  
expression174,175.  




   Gene   Sequence  
ANGPTL4  (sus  scrofa)   ??????????-­‐ACTGCCAAGAGCTGTTTGAAGA-­‐??  
??????????-­‐CCATCTGAGGTCATCTTGCAGTT-­‐??  
B2M  (sus  scrofa)   ??????????-­‐GGTTCAGGTTTACTCACGCCA-­‐??  
??????????-­‐CTTAACTATCTTGGGCTTATC-­‐??  
c-­‐JUN  (sus  scrofa)   ??????????-­‐GAAAAGGAAGCTGGAGAGGAT-­‐??  
??????????-­‐CTGCTGCGTTAAGCATGAGTT-­‐??  
FADD  (sus  scrofa)   ??????????-­‐GTCGGCCAGCCTGTCAAGCA-­‐??  
??????????-­‐AGCGCAGTGTGCTCGGGACT-­‐??  
GAPDH  (homo  sapiens)   ??????????-­‐CAAGGTCATCCATGACAACTT-­‐??  
??????????-­‐GGGCCATCCACAGTCTTCTG-­‐??  
HAND2  (sus  scrofa)   ??????????-­‐CCCACGCCCTCCAAGCCCCAG-­‐??  
??????????-­‐AGAGCCTCTCCTTTCGGGGGA-­‐??  
HIF1A  (sus  scrofa)   ??????????-­‐CGAAGGGTTTCCCGCCTCGC-­‐??  
Reverse  ??-­‐CTAAGCGCTGGCTCCCTCCG-­‐??  
IGF1  (sus  scrofa)   ??????????-­‐TGCACCCCTCAAGCCTGCCA-­‐??  
??????????-­‐TGAGCCTTGGGCATGTCCGT-­‐??  
MCP1  (sus  scrofa)   ??????????-­‐TCACCTGCTGCTATACACTTAC-­‐??  
??????????-­‐ATCACTGCTTCTTTAGGACACTTG-­‐??  
P53  (homo  sapiens)   Forward  ??-­‐GCCCCCAGGGAGCACTA-­‐??  
??????????-­‐GGGAGAGGAGCTGGTGTTG-­‐??  
PDCD2L  (homo  sapiens)   ??????????-­‐GACTGGTGTGAAGGTGCTGA-­‐??  
??????????-­‐CGAGCAGTCCAGTCTACGTC-­‐??  
PDCD2L  (sus  scrofa)   ??????????-­‐AGCAAGCTAGGCGGCGTTCC-­‐??  
??????????-­‐AGCGAACACGTGCAGGAGCC-­‐??  
PERP  (homo  sapiens)   ??????????-­‐GCCAACCCTGCTGTCACTTA-­‐??  
??????????-­‐GAAGGCACAGCCAATCAGGA-­‐??  
PERP  (sus  scrofa)   ??????????-­‐TCCCCGCGGCTTCTTCCCTT-­‐??  
??????????-­‐CAGCGCAGCATCTCGACGGT-­‐??  
STAT5B  (sus  scrofa)   ??????????-­‐TTCCATGCGAGCCTGCCACC-­‐??  
Reverse  ??-­‐AGGACGGGGTCGGGGTTCTG-­‐??  
TAF9  (sus  scrofa)   ??????????-­‐CCACACTTGGCACACCAACCCA-­‐??  
??????????-­‐GCTGGGGACTGTGAAGTGGGC-­‐??  
TAX1BP1  (sus  scrofa)   ??????????-­‐TGCAGCCAGCCTGCTCGAAA-­‐??  
??????????-­‐GGAGGATCAGGAGCAGTGGGCA-­‐??  
TNIP1  (sus  scrofa)   Forward  ??-­‐AGCCGCTCCCATCACCGTCT-­‐??  
??????????-­‐GCTCTGGCTTGCCACTGGGG-­‐??  
TNFSF10  (sus  scrofa)   ??????????-­‐CAGTCAGACCCTGCCTGGACC-­‐??  
??????????-­‐ACACAGGGCTTGCAGGAGCA-­‐??  






2.7	  Immunofluorescent	  staining	  
The   expression   and   localisation   of   particular   proteins   in   cultured   endothelial   cells   was  
assessed  by  immunofluorescent  staining.    
Following   flow   exposure,   endothelial   cells   were  washed   with   1X   PBS   (Sigma-­‐Aldrich)   and  
fixed  using  4%  paraformaldehyde  for  15  minutes.  Then  cells  were  permeabilised  with  0.1%  
Triton  X-­‐100  (Sigma-­‐Aldrich)  for  15  minutes  and  blocked  to  prevent  non-­‐specific  binding  of  
antibodies  with  20%  goat  serum  (DAKO)  for  30  minutes.    
ECs  were  incubated  overnight  at  4  °C  in  the  primary  antibody  in  presence  of  5%  goat  serum,  
then   they   were   washed   three   times   in   PBS   and   then   incubated   for   1   hour   at   room  
temperature   in   fluorescent   conjugated   appropriate   secondary   antibody.   After   additional  
washes   with   1X   PBS,   ECs   were   exposed   to   TO-­‐PRO3   (dilution   1:200,   Invitrogen)   to  
counterstain   nuclei.   In   addition,   staining   with   IgG   isotype   controls   was   used   as   an  
experimental   control   for   potential   non-­‐specific   binding   of   primary   antibodies.   A   list   of  
primary  and  secondary  antibodies  used  and  their  dilution  can  be  found  in  Table  2-­‐7.  
The   round   glass   coverslip   were   then   mounted   using   a   water-­‐soluble,   non-­‐fluorescing  
mounting  media   (Fluoromount-­‐G,   Southern  Biotech)   and   left   to  dry  overnight   at   4°C.   The  
samples  were  imaged  using  an  inverted  laser  scanning  confocal  microscope  (Zeiss  LSM  510  
META)   at   a   40x  magnification.   The   expression   of   proteins   of   interest   in   each   region   was  
assessed  by  counting  the  number  of  positive  fluorescent  in  multiple  fields  of  view   (at  least  














Target   Source   Supplier   Dilution  
Cleaved  caspase-­‐3   Rabbit  polyclonal   New  England  Biolabs   1:500  
CD31   Mouse  polyclonal   In-­‐house   1:50  
PERP   Rabbit  polyclonal   Sigma-­‐Aldrich   1:200  
Alexa  Fluor®  488    
anti-­‐rabbit  
Goat   Invitrogen   1:500  
Alexa  Fluor  ®568  
anti-­‐mouse  
Goat   Invitrogen   1:500  
Table  2-­‐7  Primary  and  secondary  antibodies  
2.8	  TUNEL	  
Terminal   Transferase   dUTP   Nick   End   Labeling   (TUNEL)   Assay   was   used   to   detect   DNA  
degradation  in  apoptotic  cells  as  fragmentation  of  nuclear  chromatin  is  one  of  the  hallmarks  
of  apoptosis.  ECs  cultured  on  glass  coverslips  were  fixed  with  4%  PFA  at  room  temperature  
for  one  hour.  The  cells  were  then  washed  and  permeabilised  on  ice  for  2  minutes  using  0.1%  
Triton  X-­‐100   in  0.1%  sodium  citrate   freshly  prepared.  Afterwards   samples  were   incubated  
with  100ul  TUNEL  reaction  mixt???????????????-­‐????????????????????????????????????????-­‐
Label,  Roche)  at  37°C  in  humidified  chamber  for  one  hour.  Subsequently  ECs  were  exposed  
to   anti-­‐FITC   (biotin   conjugated)   antibody   (1:400   dilution,   Abcam)   for   3   hours   at   room  
temperature,   followed   by   Alexa   Fluor®   488   Streptavidin   (1:200   dilution,   Invitrogen)  
incubation  for  1  hour.  Nuclei  were  co-­‐stained  using  TOPRO-­‐3  (1:200  dilution,  Invitrogen)  and  
coverslips  were  mounted  (Fluoromount-­‐G,  Southern  Biotech)  on  slides.  TUNEL  positive  cells  
were  identified  by  laser-­‐scanning  confocal  microscopy  (Zeiss  LSM  510  META).    
2.9	  Intracellular	  staining	  and	  flow	  cytometry	  
Flow  cytometry  was  employed  to  determine  the  expression  of  cleaved  caspase-­‐3  in  EC.  Cells  
were   incubated  with  Trypsin   (TrypLE  Express,   Invitrogen)   for   2  minutes   at   37°C   to  detach  
cells   from   the   plate,   then   1ml   of   HBSS  was   added   to   the  well   to   neutralize   the   effect   of  
trypsin  and  the  solution  was  transferred  into  15ml  tubes  that  were  centrifuged  at  1000rpm  
for   5   minutes.   The   supernatant   was   discarded   and   cells   were   fixed   with   500ul   of   4%  
paraformaldehyde  for  15  minutes.  HUVEC  were  then  washed  with  PBS  and  transferred  to  a  




0.1%  saponin  buffer   (0.01gr   saponin   in  10ml  0.5%  Bovine  Serum  Albumine)  was  added   to  
each  well  for  10  minutes,  and  then  non-­‐specific  antibody  binding  was  prevented  by  blocking  
with   20%   goat   serum   for   15   minutes.   Cells   were   subsequently   stained   with   caspase-­‐3  
antibody  (Table  2-­‐7,  concentration  1:200  in  saponin  buffer)  or  rabbit  IgG  isotype  control  for  
2  hours.  HUVEC  were  centrifuged  (500g,  30s)  and  washed  with  saponin  buffer  three  times,  
then   fluorescent-­‐conjugated   secondary   antibody   Alexa®488   (Table   2-­‐7)  was   added   to   the  
wells   and   left   for   1  hour.   Cells  were  washed   again,   transferred   to   FACS   tubes   (BD   Falcon  
Tubes,   BD   Biosciences)   and   run   on   flow   cytometer   (Beckman-­‐Coulter   Xograph   Imaging  
Systems).    
Summit  Software  v4.3  (Beckman  Coulter)  was  used  to  analyse  fluorescence  and  count  the  
number  of  positive  events.  The  gain  and  threshold  of  the  flow  cytometer  were  adjusted  to  
achieve   the   appropriate   forward  and   side   scatter  plot   for  HUVEC  and  a   gate  was   created  
around   the   endothelial   cell   population   to   avoid   signals   from   debris   and   dead   cells.   Cells  
treated   with   rabbit   IgG   were   used   to   set   the   background   signal   and   any   increase   in  
fluorescence  above  that  threshold  was  considered  specific  staining.  
2.10	  En	  face	  immunostaining	  
Protein  expression  at  different  regions  of  the  porcine  aortic  arch  was  assessed  in  pig  by  en  
face  immunofluorescent  staining.    
Briefly,   pig   tissue   was   provided   by   a   local   supplier   (Fresh   Tissue   Supplies,   East   Sussex).  
Aortas  were  placed   in  4%  paraformaldehyde   immediately  after  slaughter  and  delivered  to  
the  laboratory  the  following  day.  Blocks  of  1cm2  were  cut  from  the  regions  of  interest  of  the  
aortic   arch   and  placed   lumen-­‐side   down   into   the  wells   of   a   24-­‐well   plate.   The   tissue  was  
then  permeabilised  with  0.1%  Triton  X-­‐100  for  5  minutes  and  non-­‐specific  antibody  staining  
was  prevented  by  blocking  with  10%  goat  serum  for  1  hour.    After  washing,  the  tissue  was  
incubated  in  primary  antibody  (see  Table  2-­‐7)  overnight  at  4°C,  then  washed  and  incubated  
with   appropriate   secondary   antibody   (see   Table   2-­‐7)   for   1   hour.   The   procedure   was  
repeated  for  staining  for  CD31.  In  the  end,  the  tissue  was  incubated  with  TO-­‐PRO3  (dilution  
1:200)   for   30   minutes   to   counterstain   the   nuclei.   After   washing,   the   tissue   was   placed  
lumen-­‐side  down   in  a  50  mm  glass  bottomed  petri  dish   (MatTek  Corporation),   secured   in  




2.11	  Statistical	  analysis	  
If  not  stated  otherwise,  data  are  expressed  as  the  average  of  individual  experiments  ±  SEM  
(standard  error  of  the  mean).  The  statistical  analysis  was  carried  out  with  GraphPad  Prism  
6.0   (GraphPad  Software   Inc,  US).  Differences  between   two  groups  were  assessed  with   an  
unpaired   two-­‐??????? ?????????? t-­‐test;   in   some   cases   the   unequal   variance   correction   was  
applied.  The  effects  of  multiple  factors  on  the  data  were  evaluated  by  two-­‐way  analysis  of  
variance  (ANOVA).  Differences  were  considered  statistically  significant  when  p-­‐values<0.05.  




Chapter	  3 	  The	   constrictive	   cuff	   applied	   to	   porcine	   carotid	  
arteries	  to	  study	  shear-­‐sensitive	  endothelial	  response	  	  
3.1	  Introduction	  
It   is   widely   accepted   that   blood   flow   plays   a   crucial   role   in   the   development   of  
atherosclerosis   by   generating   altered   vascular   function3,26,67,102.   More   specifically,  
hemodynamic   conditions   associated  with   low   and   oscillating  wall   shear   stress   (WSS),   the  
tangential   stress  on   the  vessel  wall,  are  a  predisposing  factor   for  atherogenesis26,64.  Blood  
flow  influences  numerous  aspects  of  endothelial  cell   (EC)  physiology102,135,176;  however  the  
mechanisms  underlying  these  processes  remain  uncertain  and  there  is  limited  evidence  for  
direct  causality  between  WSS  and  atherosclerosis.  
In   order   to   provide   insight   into   the   relation   between  WSS   and   plaque   development,   an  
?????????????????????????????????????????????????????????????????????????????????????????????
carotid   artery   generating   complex   flow   patterns   has   been   developed102.   Previous  
studies89,177  of  murine  carotid  arteries  have  inferred  that  placement  of  the  cuff  creates  both  
low/oscillatory,   pro-­‐atherogenic,   and   high,   protective,   shear   stress   profiles.   The   main  
advantage   of   this  model   is   that   it   allows   the   direct   causal   relationship   between  WSS   and  
vascular  physiology  to  be  investigated  in  vivo.  For  example,  using  this  approach,  it  is  possible  
to   analyse   the  expression   levels   of   selected  markers   in   three  distinct   shear   stress   regions  
within  the  same  artery.    
In   this   study   we   applied   the   carotid   artery   cuff   model   to   the   pig   for   the   first   time.   An  
accurate   characterisation   of   the   flow   altered   by   the   cuff   was   required   to   confirm   the  
presence   of   the   distinct   WSS   regions.   I   employed   magnetic   resonance   imaging   (MRI)  
coupled   to   computational   fluid   dynamics   (CFD)   techniques   to   assess   the   geometrical  
modification  introduced  by  the  device  and  to  define  the  WSS  patterns  in  the  porcine  carotid  
artery.  The  final  aim  of  this  project  was  to  assess  the  effects  of  different  flow  patterns  on  EC  
by  comparing  gene  expression  at  high  and   low  shear   stress   sites  with  a  microarray   study,  






3.2.1	  Geometrical	  analysis	  
Three  animals  underwent  a  surgical  procedure   in  order  to  have  a  flow-­‐altering  cuff  placed  
around   the   right   common   carotid   artery.   The   cuff   produced   a   constriction   of   the   vessel  
lumen   that   resulted   in   an   alteration   of   the   blood   flow   patterns   in   the   upstream   and  
downstream  segments.  After  one  week  from  the  surgery,  a  magnetic  resonance  (MR)  scan  
was  performed  to  analyse  the  modified  geometry  and  the  velocity  profiles.    
Black  blood  MR  was  employed  to  acquire   information  about  the  anatomy.  Both  upstream  
and   downstream   regions,   as   well   as   the   cuff   segment,   were   scanned   for   a   total   of  
approximately  8  cm  length.  The  images  were  segmented  in  Amira  (Visage  Imaging  Inc.),  and  
then   an   intensity   isosurface   was   extracted   and   smoothed   with   a   low-­‐pass   filter.   Finally,  
cylindrical   flow   extensions   were   added   to   the   inlet   and   outlet   sections   to   allow   the  
imposition  of  boundary  conditions  sufficiently  away  from  the  region  of  interest.  
Figure  3-­‐1  shows  the   reconstructed  geometries  for   the   three  animals.  The  deformation  of  
the  vessel  due  to  the  presence  of  the  constrictive  cuff  is  clearly  visible.  It  is  also  interesting  
to  note   that   there  were  significant  differences  between  t?????????????????????????????????
carotid  had  the  most  pronounced  curvature.  Subject  C  presented  a  greater  reduction  of  the  
lumen  compared  to  the  other  two,   in  addition  the  cuff  seemed  to  be  shifted  towards  one  
side  of  the  vessel  axis  in  this  animal.  A  possible  explanation  might  be  that  the  surrounding  
ligaments  and  tissues  interfered  with  the  placement  of  the  cuff  and  moved  it  towards  one  
side.   Subject   B   was   the   most   similar   to   the   idealized   configuration   (ie.   concentric  
constriction  and  minimal  curvature).  
In  order  to  assess  the  extent  of  the  constriction,  MR  images  were  post-­‐processed  in  Matlab  
(The  MathWorks   Inc,  R2008b)  using  an   intensity  threshold-­‐based  method  to  automatically  
identify   the   vessel   cross-­‐sectional   area.   This   analysis   showed   that   placement   of   the  
constrictive  cuff  resulted   in  a  variable  stenosis  of  the  right  common  carotid  arteries   in  the  
three  animals  (Figure  3-­‐2).  The  cuff  was  designed  to  achieve  a  50%  reduction  of  the  vessel  
lumen.   However   my   analysis   showed   that   the   degree   of   stenosis   varied   between   70%  
(Figure  3-­‐2,  Pig  B)  and  93%  (Figure  3-­‐2,  Pig  C).  This  variation  was  likely  to  be  caused  by  the  




interesting  to  note  a   localised   increase  of  the  cross-­‐sectional  area  downstream  of  the  cuff  
suggesting   the   presence   of   vessel   dilation   consistently   among   the   three   animals.   This  
phenomenon   could   be   due   to   vessel   remodelling   and   it   was   not   observed   in   the   mice  
model102  but  it  was  noted  in  a  similar  porcine  model178.  





Figure   3-­‐1   Geometrical   reconstruction   of   the   right   common   carotid   artery   of   three   pigs   showing   the  
constriction  of  the  vessel  due  to  the  presence  of  the  flow-­‐altering  cuff.  The  geometries  were  reconstructed  
from  Black-­‐Blood  MR  images  and  flow  extensions  were  added  to  the  inflows  and  outflows.  
 
Figure  3-­‐2  Cross-­‐sectional  area  measurements  from  MR  images  of  the  right  common  carotid  artery  after  cuff  
placement.  MR  images  were  post-­‐processed  in  Matlab  (The  MathWorks  Inc,  R2008b)  and  the  cross-­‐sectional  





3.2.2	  Flow	  measurements	  
Flow  information  in  the  carotid  artery  upstream  of  the  cuff  was  obtained  by  Phase-­‐Contrast  
MRI  (PC-­‐MRI).    This  technique  can  be  employed  to  measure  the  three  velocity  components  
at  different  time  points  of  the  cardiac  cycle  on  arbitrarily  oriented  anatomical  planes.  A  PC-­‐
MR   scan   produces   a   magnitude   image,   with   information   on   the   anatomy,   and   a   phase  
image,   with   information   about   the   blood   flow   (Figure   2-­‐2).   The   segmentation   of   the  
magnitude  image  provides  information  on  the  location  of  the  vessel  under  investigation  and  
the  same  region  was  selected  on  the  phase  image  to  derive  the  velocity  information.  Details  
about   the   conversion   from   raw  data   to   velocity  magnitude   can   be   found   in   the  methods  
section  (Chapter  2).  
Images  were  acquired  on  a  plane  perpendicular   to   the  vessel   sufficiently  upstream  of   the  
cuff  to  avoid  disturbances  introduced  by  the  constriction.  The  MR  data  were  then  processed  
in   Matlab   (The   MathWorks   Inc,   R2008b)   to   extract   the   three-­‐dimensional   velocity  
components   from   the   pixel   intensity.   3DMR   velocity   profiles   were   characterized   by  
negligible   in-­‐plane  components  and  significant  through-­‐plane  component.  The  mean  value  
of  the  measured  3D  velocity  over  the  inlet  section  of  the  geometry  is  shown  in  Figure  3-­‐3  for  
the  three  animals  under  analysis.  The  time-­‐dependent  waveform  was  employed  in  pulsatile  
simulations  while   the   time-­‐averaged  magnitude  was   applied   at   the   inflow   in   steady   state  
analysis.   Since   the   secondary   flow   components   are   almost   absent   in   our   measures,   I  
assumed  the  flow  to  be  fully  developed,  hence  to  have  an  idealized  parabolic  shape,  in  the  
upstream   region   of   the   common   carotid.   I   also   added   a   short   flow  extension   to   the   inlet  
section  in  order  to  reduce  the  influence  of  the  boundary  conditions  on  the  solution  within  
the   domain   of   interest.   Fully-­‐developed,   axisymmetric   flow   is   a   common   assumption   in  
studies  on  human  carotid  arteries87,144,179.  Furthermore,  it  has  been  shown  that  the  impact  
of  the  boundary  conditions  on  the  flow  features  in  the  carotid  bifurcation  is  negligible  if  the  





Figure  3-­‐3  Animal-­‐specific  velocity  waveform  [cm/s]  measured  by  MR  on  a  plane  upstream  of  the  stenosis.  
The  velocity  magnitude  derived  from  PC-­‐MR  images  was  averaged  over  the  cross-­‐section  at  each  point  of  the  
cardiac  cycle;  the  waveform  was  then  smoothed  with  a  low-­‐pass  filter  to  eliminate  the  noise  introduced  by  the  
in  vivo  measurements.  The  data  were  processed  in  Matlab  (The  MathWorks  Inc,  R2008b).  




From  the  comparison  of  the  measured  velocity  profile  with  the  geometrical  analysis  of  the  
stenosis   presented   in   Figure   3-­‐2,   it   can   be   inferred   that   there   is   an   inverse   correlation  
between   stenosis   degree   and   velocity  magnitude.   The   subject  with   the  highest   degree   of  
stenosis  (Pig  C)  shows  the  lowest  velocity,  and  vice  versa.  The  blood  flow  was  significantly  
reduced   in   the   region  upstream  of   the   cuff   because   of   the   increased   resistance   from   the  
stenosis.    
In  order  to  investigate  whether  a  compensatory  mechanism  altered  flow  in  the  contralateral  
artery,  I  analysed  the  flow  rate  on  both  carotids  (Figure  3-­‐4).  The  left  carotid  flow  rate  was  
similar   in   all   three   animals   despite   the   significantly   different   degree   of   stenosis   in   the  
corresponding   right   carotid.   In   addition,   placement   of   a  non-­‐tapering   control   cast   around  
the   left  carotid  artery  did  not  seem  to   impact  the  flow  in  both  arteries.  However   it  would  
have  been  useful  to  measure  the  flow  in  the  right  control  artery  before  the  placement  of  the  
cuff   in   order   to   confirm   that   the   procedure   did   not   have   any   effect   on   the   flow   rates.  
Overall,  these  data  suggest  that  the  constrictive  cuff  did  not  alter  flow  in  the  contralateral  
carotid  artery.  
Boundary	  conditions	  
As  mentioned  above,  subject-­‐specific  boundary  conditions  were  used  for  the  inlet  section.  A  
fully-­‐developed   (parabolic)  profile  with  mean  velocity  corresponding   to   the   time-­‐averaged  
velocity   measured   by   MR   was   employed   in   steady   state   simulations.   For   pulsatile   flow  
analysis,   the   velocity   waveforms   shown   in   Figure   3-­‐3   were   applied   as   time-­‐dependent  
boundary  conditions  using  a  user-­‐defined  function  compiled  in  the  solver  (Fluent  6.2,  Ansys  
Inc.,  USA).  Reynolds  numbers   in   steady  state  were  271,  189  and  79   for   the   three  animals  
respectively,  while  peak  Re   in   pulsatile   simulations  were   621,   479   and  147.   At   the   outlet  
section  the  flow  was  considered  fully  developed,  this  is  reasonable  considering  the  addition  
of  flow  extensions.  The  vessel  wall  was  assumed  to  be  rigid,  an  assumption  commonly  used  
in  studies  on  carotid  hemodynamics87,144,179.  The  blood  was  modelled  as  a  Newtonian  fluid  
with  constant  viscosity  of  0.00365  [Pa][s],  this  assumption  is  discussed  in  more  detail  in  the  
final  paragraph  (section  3.4).  





Figure  3-­‐4  MR  measured  flow  rates  of  constricted  and  control  carotid  arteries.  A  constrictive  cuff  was  applied  
to  the  right  common  carotid  artery,  while  a  non-­‐tapering  control  cuff  was  applied  to  the  left  carotid.  A   flow  





In  order  to  confirm  the  independence  of  the  solution  from  the  discretization  of  the  domain,  
a  mesh  sensitivity  analysis  was  performed.  WSS  patterns  were  compared   for  meshes  with  
increasing   number   of   elements   to   determine   whether   the   solution   was   sufficiently  
converged.  Figure  3-­‐5  shows  the  WSS  magnitude  as  a  function  of  the  distance  on  the  outer  
wall.   There   were   small   differences   between   the   meshes   but   the   essential   trends   were  
conserved.  The  middle  mesh  of  2.1x106  elements  was  selected  for  the  analysis  as  it  provided  
a  good  balance  between  computational  efficiency  and  accuracy  of  the  solution.  This  process  
was  repeated  for  all  three  geometries  and  gave  similar  results  (data  not  shown).  
	  
Figure  3-­‐5  Mesh  sensitivity  analysis.  WSS  was  extracted  from  different  lines  on  the  wall  of  the  geometry  (left)  
then   compared   for   three   different   grids   (right)   to   confirm   the   convergence   of   the   solution.   The   x-­‐axis  
represents  the  distance  on  the  wall.  




3.2.3	  Flow	  in	  constricted	  carotid	  arteries	  
The   placement   of   the   cuff   has   the   purpose   of   altering   the   blood   flow   by   inducing   a  
constriction  of  the  vessel  lumen.  Previous  studies89,102  conducted  in  mice  have  described  the  
flow  environment  using  idealized  geometries.  Their  analysis  predicted  decreased  flow  in  the  
constricted  compared  to  the  control  carotid.  Furthermore  they  described  unidirectional  flow  
upstream  of  the  cuff  and  large  vortices  and  flow  reversal  downstream.    
In  order  to  understand  the  impact  of  the  cuff  on  a  larger  animal  model,  I  characterised  the  
flow  features   in  steady  state  simulations.  The  analysis  of  typical   instantaneous  streamlines  
revealed  heterogeneity  among  the  subjects.  In  addition,  the  presence  of  a  high  velocity  jet  
and   complex   flow   patterns   downstream   of   the   stenosis   was   highlighted   (Figure   3-­‐6).  
Upstream  of  the  cuff,  the  flow  did  not  show  any  disturbance  and  was  mainly  unidirectional.  
The  constriction  induced  by  the  device  caused  an  acceleration  of  the  flow  characterized  by  
the  formation  of  a  high  velocity  jet.  In  two  cases  (Figure  3-­‐6,  A  and  C)  the  placement  of  the  
cuff   modified   the   natural   curvature   of   the   vessel   resulting   in   an   eccentric   stenosis   that  
directed   the   jet   on   one   side   of   the   vessel   wall   and   created   a   recirculation   zone   on   the  
opposite  side.    
In  pig  A,   the   flow  disturbance  extended  more   than   three   cuff   lengths  downstream  of   the  
stenosis  and  the  pattern  was  more  complex.  In  pig  C,  because  of  the  lower  velocity,  the  flow  
disturbance  was  less  pronounced  exhibiting  just  one  large  area  of  recirculation  localized  in  
the   proximity   of   the   cuff.   The   second   subject,   Pig   B,   was   the   most   similar   to   the   ideal  
configuration.      In   this   case   the   stenosis  was   almost   axisymmetric,   hence   the   jet  was   just  
slightly  out  of  centre  and  the  recirculation  affected  the  entire  circumference  of  the  vessel.  
The   downstream   vortices   were   caused   by   boundary   separation   after   the   cuff   that   was  
induced  by  a  combination  of  flow  acceleration  and  inertia  of  the  blood.  
The   vorticity  magnitude   (Figure   3-­‐7)   showed   the   formation   of   a   shear   layer   distal   to   the  
stenosis   indicating   the   interface  between  the   jet  and  the   recirculation  zone.  The  contours  
clearly  highlight  the  biasing  of  the  jet   in  pig  A  and  pig  C.   In  addition,   it  can  be  clearly  seen  
that  at  the  throat  of  the  stenosis  the  shear  layer  detached  from  the  wall  since  the  jet  could  
no   longer   negotiate   the   wall   boundary   (Figure   3-­‐6).   The   accelerating   jet   caused   a   flow  




Figure  3-­‐5  and  3-­‐6).   Since   the  velocities   in  pig  A  were  higher   than   in   the  other   cases,   the  
flow  maintained  the  jet-­‐like  feature  for  several  cuff  lengths  after  the  stenosis.  Then  the  jet  
broke  down  further  downstream  as  it  was  deflected  back  towards  the  centre  by  the  wall.  






Figure   3-­‐6   Steady   state   streamlines   in   different   carotid   stenosis.   The   colour   map   represents   the   velocity  






Figure  3-­‐7    Normalised  vorticity  magnitude  contours  in  the  region  downstream  of  the  stenosis.  The  vorticity  
was   normalised   by   the   maximum   value   for   each   animal.   The   shape   and   boundary   of   the   jet   were   clearly  




3.2.4	  Steady	  state	  analysis	  of	  WSS	  
Since  the  constrictive  cuff  significantly  alters  the  flow  in  the  carotid  artery,  it  also  modifies  
the  WSS  patterns.  Previous  studies89,102  on  idealized  cuff  models  in  mice  described  low  WSS  
upstream  and  downstream  of  the  cuff,  but  high  WSS  within  the  cuff.  However  the  two  low  
WSS   regions   had   different   characteristics,   WSS   was   oscillatory   downstream   and   more  
unidirectional  upstream.  
As   mentioned   in   the   previous   section,   my   analysis   of   the   flow   in   cuffed   porcine   carotid  
arteries   revealed   significant   hemodynamic   differences   from   the   ideal   configuration.   This  
translated  into  more  complex  WSS  patterns  than  the  ones  predicted  (Figure  3-­‐8).    
WSS  was   low  upstream  of   the  cuff  and  high  within   the  cuff   region  consistently  across   the  
three   animals.  WSS   increased  more   than   ten   folds   in   the   stenosis   compared   to   upstream  
values.   Downstream   of   the   stenosis   there   was   substantial   differences   in   WSS   patterns  
between  subjects.  Figure  3-­‐8,  Pig  A  highlights  an  extended  high  WSS  area  on  one  side  of  the  
vessel  resulting  from  the  impingement  of  the  high-­‐velocity  jet  (shown  in  Figure  3-­‐6,  A).    The  
opposite  side  of  the  vessel  was  exposed  to  low  WSS  caused  by  the  recirculating  flow  (Figure  
3-­‐6,  A).  A  similar  situation  was  found  in  pig  C.  However   in  this  case  the  velocity  was  lower  
and  the  jet  impinged  on  a  smaller  area  (Figure  3-­‐6,  C).  For  this  reason,  the  area  of  high  WSS  
downstream  of  the  cuff  in  pig  C  was  not  as  extended  as  the  one  in  pig  A  (Figure  3-­‐8,  C).  
The  stenosis  in  Pig  B  was  almost  axisymmetric  and  the  jet  was  just  slightly  deflected  towards  
one  side,  thus  the  higher  WSS  due  to  this  phenomenon  was  localized  to  a  very  small  region  
(Figure  3-­‐8,  B  left  panel).  There  was  also  another  area  of  higher  WSS  at  the  end  of  the  post-­‐
stenotic  dilation  that  was  likely  to  be  caused  by  the  accelerating  flow  due  to  the  restriction  
of  the  vessel  lumen.    
From   this   analysis   it   is   evident   that   the   subjects   under   analysis   presented   significantly  
different  hemodynamics  compared  to  the  expected  flow  environment.  Further  investigation  
including  assessment  of  flow  pulsatility  was  required  to  further  understand  and  characterise  





Figure  3-­‐8  Steady  state  WSS  patterns  shown  for  four  different  views.  Values  were  normalized  by  the  WSS  for  
Poiseuille   flow   in  a   straight   tube  with  cross-­‐sectional  area  and  velocity  equal   to   the   inlet   condition   for  each  




3.2.5	  Pulsatile	  flow	  simulation	  
Steady  state  simulation  provided  interesting  insight  into  the  complex  flow  resulting  from  the  
placement  of  a  constrictive  cuff  around  the  porcine  common  carotid  artery  and  served  as  a  
first  step  towards  the  more  physiologically  realistic  pulsatile  flow  simulations.  
The   velocity   waveforms   presented   in   Figure   3-­‐3   were   imposed   at   the   inlet   section.   The  
simulations  were  run  for  multiple  cardiac  cycles  until  initial  transients  left  the  computational  
domain,   in  order   to  ensure   that   the   solution  was   independent   from   the   initial   conditions.  
Figure  3-­‐9  shows  the  instantaneous  WSS  magnitude  as  a  function  of  time  for  a  single  point  
on  the  vessel  wall.  Periodicity  of  the  solution  was  reached  at  the  third  cardiac  cycle  for  this  
geometry.  The  same  process  was  repeated  for  all  three  vessels  (data  not  shown).  
 
Figure  3-­‐9  Time-­‐dependent  WSS  magnitude  at  one  point  on  the  geometry  monitored  for  three  cardiac  cycle.  
Figure  3-­‐10  shows   instantaneous  streamlines  at  representative  points  of  the  cardiac  cycle:  
peak  systole,  peak  diastole  and   late  diastole.      In  pig  A  and  C  during  the  acceleration  stage  
(Figure  3-­‐10,  left  column),  the  high  velocity  jet,  formed  as  the  flow  accelerated  through  the  
constriction,  was   deflected   towards   one   side   of   the  wall.   Recirculation   occurred   near   the  
stenosis  along  the  opposite  side  of  the  vessel.  In  peak  systole  (Figure  3-­‐10,  middle  column)  
the   jet   broke   down   further   downstream   as   it  was   deflected   away   from   the  wall   creating  
increased  mixing  and   recirculation  region  that  extended   in   the   far  downstream  region.  At  
peak  diastole,   (Figure  3-­‐10,   right  column)   the  flow  rate  was  considerably   reduced  and  the  
flow   disturbance   region   receded   becoming   almost   unnoticeable   further   downstream.   As  
mentioned  previously,  pig  B  had  an  almost  axisymmetric  stenosis  hence  the  flow  features  
presented  some  differences  with  the  other  two  cases.    During  the  acceleration  phase  (Figure  




proximity  of  the  stenosis.  In  peak  systole  (Figure  3-­‐10,  middle  column,  case  B),  there  was  a  
small  impingement  of  the  jet  on  one  side  of  the  wall,  due  to  characteristics  of  the  geometry.  
This   led   to   jet   breakdown   and   instability,   highlighted   by   the   fluctuation   of   the   jet   front.  
During   peak   diastole   (Figure   3-­‐10,   right   column,   case   B),   the   flow   was   receding   and  
retrieving  its  symmetrical  features.  
In  order  to  characterise  WSS  patterns  and  oscillation  during  the  cardiac  cycle,  time-­‐averaged  
WSS   (TAWSS)   and   oscillatory   shear   index   (OSI)   distributions  were   computed   (Figure   3-­‐11  
and  Figure  3-­‐12).  It  is  evident  that  there  was  significant  agreement  between  steady  WSS  and  
TAWSS   hence   steady   state   simulations  were   able   to   capture   the   general   features  of  WSS  
(Figure   3-­‐8).   For   example,   TAWSS   distributions   exhibited   the   same   high   WSS   area  
corresponding  to  the  impingement  of  the  jet  in  Pig  A  and  C  as  steady  WSS  maps  (compare  
Figure  3-­‐8  and  Figure  3-­‐11).  However  in  the  pulsatile  case,  this  area  was  slightly  smaller  for  
Pig   C   than   in   the   steady   case.   In   addition,   Pig   B   showed   the   same   heterogeneous   WSS  
patterns  downstream  of   the   stenosis   in  both   steady   and   unsteady   case,   even   though   the  
magnitude  was  lower  for  TAWSS  (Figure  3-­‐11  and  Figure  3-­‐8).  In  general,  it  can  be  inferred  
that  TAWSS  and  steady  WSS  presented  similar  distributions.  
During  the  analysis  of  WSS  oscillation,  OSI  maps  revealed  interesting  features  (Figure  3-­‐12).  
The  ideal  cuff  model  predicted  highly  oscillatory  WSS  downstream  of  the  stenosis  for  several  
cuff   lengths   and   around   the   entire   circumference   of   the   vessel.  My   analysis   showed   that  
maximum  OSI  was  found  significantly  further  downstream  of  the  stenosis  and  not  proximal  
to   it.   This  was  particularly   evident   for  Pig  A   (Figure  3-­‐12,   top  panel)  where  maximum  OSI  
values  were  situated  at  more  than  three  cuff  lengths  downstream  of  the  vessel  constriction.  
This   pattern   was   due   to   the   presence   of   the   jet   resulting   from   the   eccentricity   of   the  
stenosis,  as  high  OSI  occurred  at  the  boundary  of  the  region  where  the  jet  impinged  on  the  
wall,  suggesting  a  very  unsteady  reattachment.  On  the  other  side  of  the  vessel,  recirculation  
occurred   throughout   the   entire   cardiac   cycle   (Figure   3-­‐10)   and   the   flow   maintained   a  
backward  direction  towards  the  stenosis  thus  explaining  the  minimum  OSI  (Figure  3-­‐12).  A  
similar   situation   took  place   in  Pig  B   (Figure  3-­‐12,  middle  panel),  where  minimum  OSI  was  
found   downstream   near   the   stenosis   because   of   the   recirculation   occurring   consistently  
around  the   jet   throughout   the  cardiac  cycle   (Figure  3-­‐10,  middle  panel).   In   this   case,  high  




lengths  downstream  of  the  stenosis  (Figure  3-­‐12,  middle  panel).  This  was  also  caused  by  the  
movement   of   the   reattachment   point   of   the   jet   during   the   cardiac   cycle   induced   by   the  
variation  of   the   velocity.   Since   the   jet  was   not  diverted   towards   one   side   because   of   the  
almost  axisymmetric  stenosis,  the  reattachment  did  not  occur  preferentially  on  one  side  of  







Figure   3-­‐10   Streamlines   of   pulsatile   flow   at   different   time   points   of   the   cardiac   cycle.   Flow   patterns   are  
shown  for  the  acceleration  phase  in  late  diastole  (left  column),  peak  systole  (central  column)  and  peak  diastole  





Figure   3-­‐11   Time-­‐averaged   WSS   (TAWSS)   distribution   shown   for   four   different   views.   Values   were  
normalized  by  the  WSS  equivalent  to  Poiseulle  flow  in  inlet  as  the  steady  WSS  in  Figure  3-­‐8.  The  line  visible  on  





Figure   3-­‐12   Oscillatory   shear   index   (OSI)   distribution   shown   for   four   different   views.   Maximum   OSI   is  





? Placement   of   the   constrictive   cuff   around   the   porcine   right   common   carotid   artery  
resulted   in  a  variable  degree  of  stenosis   (70-­‐90%)  which  was  higher  than  the  predicted  
constriction  (50%);  
? Geometrical  reconstruction  of  the  vessel  highlighted  significant  differences  compared  to  
the  ideal  configuration  in  two  of  the  three  cases  under  analysis.  These  were  likely  to  be  
due   to   the   natural   anatomy   of   the   vessel   (curvature)   and   to   the   interaction   of   the  
surrounding  tissue  with  the  cuff;  
? The  flow  in  the  constricted  artery  was  characterized  by  the  formation  of  a  high  velocity  
jet  and  significant  recirculation  and  flow  disturbance  downstream  of  the  stenosis.   In  two  
subjects,   the  eccentricity  of   the   stenosis   resulted   into   the  deviation  of   the   jet   towards  
one  side  of  the  vessel;  
? WSS   patterns   reflected   the   complexity   of   the   flow   environment   downstream   of   the  
stenosis.  WSS  was  higher  on  the  side  where  the  jet  impinged  the  wall  and  lower  on  the  
opposite  side  due  to  flow  recirculation.  Upstream  of  the  stenosis,  WSS  was  uniformly  low  
and,   in   the   cuff   region,   it  was   consistently  over   ten   times  higher   than   in   the  upstream  
region;  
? Maximum  OSI  values  were   located  significantly  downstream  of   the  stenosis  because  of  
the  oscillation  of  the  reattachment  point  of  the  flow.  In  the  cases  of  eccentric  stenoses,  
high  OSI  occurred  mainly  on  one  side  of  the  vessel  at  the  boundary  of  the  region  where  
the   jet   impinged   on   the   wall,   low   OSI   was   found   on   the   opposite   side   because   of  
consistent  backward  flow  throughout  the  cardiac  cycle;  
? My  analysis  showed  that  the  predicted  shear  stress  patterns  in  the  ideal  cuff  model89  are  
an  over-­‐simplification  of  a  very  complex  flow  environment.  Downstream  of  the  stenosis  
WSS  exhibited  great  heterogeneity  and  was  not  just  oscillatory  as  hypothesized;  
? The   computed  WSS  maps  were   compared  with   the   carotid   arteries   extracted   from   the  
subject  under  analysis.  Since  it  was  not  possible  to   identify  an  area  with  clearly  defined  
low/oscillatory  WSS   for  extraction  of  endothelial  cells,   this  model  was  not  employed   in  





Atherosclerosis  is  a  focal  disease  that  develops  preferentially  in  areas  exposed  to  disturbed  
flow   patterns   characterised   by   low/oscillatory   WSS.   In   order   to   understand   the   relation  
between   blood   flow   and   atherosclerosis,   several   studies79,181,182   focused   their   analysis   on  
regions   where   disturbed   flow   naturally   occurs   in   animal   models.   Alternatively,  
others90,102,183,184  have  attempted  to  alter   the  natural   flow  to  mimic  the  hemodynamics  of  
area  prone  to  atherosclerosis  development.  The  former  approach  has  the  limitation  of  not  
directly   linking   the   disturbed   flow   with   the   disease:   atheroprone   areas   are   chronically  
exposed  to  flow  disturbance  from  developmental  stages,  and  therefore  they  do  not  provide  
causal  evidence  on  the  effects  of  flow  disturbance  on  physiology.  In  addition,  areas  naturally  
exposed  to  low/oscillatory  WSS  might  be  very  small  hence  not  sufficient  for  collection  of  EC  
for  mRNA  analysis.  
In  recent  years,  several  models  to  alter  blood  flow  conditions   in  vivo  have  been  proposed.  
The   most   common   interventions   included   the   complete   or   partial   ligation   of   the   carotid  
artery90,185,186  and  the  placement  of  a  constrictive  perivascular  cuff102,183,187.  These  models,  
in  combination  with  high-­‐fat  diet  feeding,  have  been  shown  to  successfully  induce  lesions  in  
the  common  carotid  arteries  of  mice89,185  and  pigs178,187.  The  main  limitation  of  the  ligation  
model   is   that   it  alters   the  shear  stress  environment   throughout  the  vessel185,   thus   it  does  
not   allow   comparing   the   effects   of   distinct   flow  patterns   on   EC   extracted   from   the   same  
artery.  
Since  my   goal  was   to   investigate   the   direct   causal   relationship   between   shear   stress   and  
vascular  physiology  through  comparison  of  endothelial  transcriptome  at  high  and  low  shear  
stress   regions  of   the  porcine  vasculature,   I  decided   to  employ   the  constrictive   cuff  model  
presented   in102?? ??? ????????????? ??????????? ??????? ???? ?????? ?? ?? ????? ???? ???????????????
translated  to  a  large  animal.  
The   theoretical   design  of   the   cuff   predicted  a   region  of   low   shear   stress  upstream  of   the  
stenosis,   a   gradual   increase   of  WSS   in   the   cuff   area   and  oscillatory   shear   stress  with   the  
induction  of   large   recirculation  and  vortices  downstream  of   the   restriction89   (Figure  3-­‐13).  
However  an  accurate  characterization  of  the  flow  altered  by  the  cuff  in  a  realistic  geometry  




information   with   CFD   methods   to   assess   the   WSS   in   realistic   conditions.   My   analysis  
revealed  interesting  findings  that  partially  contradicted  common  assumptions.  
 
Figure   3-­‐13   Diagrammatic   representation   of   the   flow-­‐altering   cuff.   Placement   of   the   cuff   creates   three  
distinct  shear  stress  regions  in  the  murine  carotid  artery:  low  shear  stress  upstream,  high  shear  stress  at  the  
cuff  region  and  oscillatory  shear  stress  downstream.  Adapted  from  89.  
The   most   striking   discrepancy   was   related   to   the   significant   geometrical   differences  
between   the   cases   under   analysis   and   the   ideal   design.   In   two   geometries,   the   natural  
curvature  of  the  vessel  or  the  movement  of  the  cuff  after  placement  altered  the  symmetry  
of   the   stenosis   resulting   into   the   formation   of   complex   flow  patterns   and   heterogeneous  
WSS  distributions  in  the  post-­‐stenotic  segment.  The  case  with  geometry  most  similar  to  the  
ideal   configuration   also   revealed   interesting   results.      Firstly,   other   studies89,177,185   have  
claimed  that  minimum  WSS  was  found  in  the  region  upstream  of  the  stenosis  and  that  this  
was  a  necessary  condition  for  the  development  of  vulnerable  plaques.  However  we  found  
that  WSS  in  the  downstream  region  was  generally  as  low  as  WSS  in  the  upstream  area.    The  
presence  of  post-­‐stenotic  dilation   further   supported  this  observation:   since   there  was   the  
same  volumetric  flow  in  pre-­‐  and  post-­‐stenotic  segments,  blood  velocity  and  then  wall  shear  
stress   had   to   be   lower   to   compensate   for   the   increase   in   cross-­‐sectional   area.   Also,  
maximum   WSS   oscillations   were   found   significantly   further   downstream   and   not   in  
proximity  to  the  stenosis  as  previously  hypothesised89,102.    
Two   factors   can   give   rise   to   these  hemodynamic   differences   between   the  mouse   and  pig  
models:   the   degree   of   stenosis   and   the   Reynolds   number.   In   the   pig,   the   combination   of  
larger  Reynolds  number  and  higher  diameter  reduction  contributed  to  significant  increases  




the   recirculation   region   to   move   further   downstream.   Since   the   movement   of   the  
reattachment   point   during   the   cardiac   cycle   causes   WSS   oscillations,   it   is   therefore   not  
surprising   that   the   maximum   OSI   was   found   several   diameters   away   from   the   cuff.   This  
explanation  is  further  supported  by  theoretical  studies  on  flow  in  stenotic  vessels  (idealized  
geometries):   it   has   been   shown   that   for   the   same  Reynolds   number,   a   smaller   degree   of  
stenosis   induces   recirculation  closer   to   the  constriction188.   Furthermore,  a   lower  Reynolds  
number   in   the   presence   of   the   same   diameter   reduction   alters   considerably   the   flow  
characteristics   in   the   post-­‐stenotic   region189.   The   high-­‐velocity   jet   breakdown   and   the  
reduction  of  the  recirculation  region  resulted  in  large  axial  and  circumferential  variations  in  
WSS  that  was  lower  downstream  of  the  stenosis  than  the  upstream  counterpart  due  to  the  
flow  separation  along  this  side  of  the  vessel189.      
My   prediction   is   that   in   the   mouse   model   there   is   minimal   flow   disturbance   and  
recirculation   due   to   the   very   low   Reynolds   number   of   this   specie155.   A   study177   on  MRI-­‐
measured   flow  velocities   in  the  cuff  model  applied  to  Apo  E-­‐/-­‐  mice  seems  to  support  my  
hypothesis  since  it  was  not  able  to  confirm  the  oscillatory  nature  of  the  flow  downstream  of  
the  stenosis.  In  another  study102,  velocity  reversal  in  the  post-­‐stenotic  segment  detected  via  
Doppler  measurement  was  found  in  the  rabbit  model  but  not  in  the  mouse.    However  a  CFD  
analysis   based   on   realistic   murine   geometry   and   flow   rates   is   required   to   accurately  
characterise  the  WSS  in  this  animal  model.  
In   summary,   my   results   showed   that   in   the   pig,   although   the   cuff   introduced   flow  
disturbance   as   expected,   the   WSS   magnitude   downstream   of   the   cuff   exhibited   great  
variability.  Furthermore,  there  were  significant  geometrical  differences  across  the  subjects  
after  cuff  placement  that  questioned  the  reproducibility  of  this  method.  For  these  reasons,  
we   decided   to   not   extract   EC   for   the   transcriptome   analysis   from   the   carotid   arteries.   It  
would   have   not   been   possible   to   correlate   the   mRNA   with   a   specific   WSS   pattern,  
considering  the  heterogeneity  of  the  flow  in  the  post-­‐stenotic  region.  In  a  large  animal,  the  
flow-­‐altering   cuff   does   not   seem   a   valid  model   to   carry   out  microarray   studies   on   shear-­‐
sensitive   mechanisms   of   endothelial   response   to   different   flow   conditions.   However   it  




Limitations  and  future  directions  
The   analysis   presented   here   was   based   on   several   simplifications   of   the   carotid  
hemodynamics.   Future  works   should   aim   to   progress   the   current  models   to   reproduce   a  
more  accurate  in  vivo  situation.    
The  blood  has  been  modelled  as   a  Newtonian   fluid,  however   in   reality   the  blood  exhibits  
non-­‐Newtonian  behaviour  and  its  viscosity  depends  on  the  shear  rate.  In  certain  conditions  
the   blood   has   viscoelastic   properties   and   the   viscosity   is   shear-­‐thinning   because   of   the  
elastic   components   and   the   presence   of   red   blood   cells190,191.   However   in   the   literature  
there   is   contrasting   evidence   on   the   influence   of   the   Newtonian   assumption   on   carotid  
hemodynamics190-­‐192.   In   addition,   there   does   not   appear   to   be   a   consensus   on   the  most  
appropriate   theoretical  model   for   the   non-­‐Newtonian   features   of   the   blood,   hence  more  
fundamental  studies  are  required  to  reach  specific  conclusions  about  this  problem.  
Another  simplification  was  to  assume  the  vessel  wall  as  rigid.  This  is  generally  considered  a  
reasonable   approximation   that   has   little   impact   on   the   WSS   patterns,   which   are   more  
affected   by   geometrical   features193.   However   carotid   walls   are   distensible   hence   future  
studies  should  incorporate  novel  models  of  wall  motion.  
Finally,  all  the  simulations  were  run  without  a  turbulence  model.  This  is  usually  a  reasonable  
assumption   for   Re<2000,   however   in   complex   geometries   as   a   stenosis   turbulence  might  
occur  even  at   low  Reynolds  number.  Studies179,194-­‐196  on  pulsatile   flow   in  stenosed  vessels  
suggested   that   transition   to   turbulence   appeared   downstream   of   the   stenosis   and  
incorporated  different  turbulence  models   in  their   simulations.  However,   there   is  no  single  
turbulence  model  that  is  decisively  superior  to  the  others  and  there  is  still  debate  about  the  
best  approach.  Furthermore,  laminar  models  showed  qualitatively  similar  results196  hence  I  




Chapter	  4 Blood	  flow	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  wall	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  stress	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  the	  porcine	  
aortic	  arch	  
4.1	  Introduction	  
Atherosclerosis   is  a  geometrically   focal  disease  that  occurs  predominantly  at  branches  and  
bends  of  the  arterial   tree24.  Blood  flow  plays  an  important  role   in  the  development  of  the  
disease   by   exerting   tangential   stress   (wall   shear   stress;   WSS)   on   endothelial   cells.   More  
specifically,   it   has   been   shown   that   disturbed   blood   flow   associated  with   low,   oscillatory  
WSS  is  a  predisposing  factor  for  atherosclerosis26,64,67.  
In  recent  years,  computational  fluid  dynamics  (CFD)  has  acquired  increasing  relevance  in  the  
investigation  of  patient-­‐specific  hemodynamics  and   in  understanding  the   influence  of   flow  
on   the  development  of  cardiovascular  diseases.  CFD  allows   the  quantification  of   variables  
not  measurable  in  vivo,  like  WSS;  it  is  reproducible  and,  combined  with  imaging-­‐techniques,  
is   a   reliable   tool   to   provide   realistic  models   of   blood   flow.  However   CFD   simulations   also  
have   limitations   related   to   the   model   assumptions,   like   geometry,   viscosity   and  
distensibility.   Several   computational   studies145,146,151,152,197-­‐201   have   investigated   the   flow  
patterns  at  multiple   locations  of   the  arterial   system  and  have  highlighted  the   influence  of  
the   vascular   geometry   and   velocity   field   on   the   flow   features,   especially   WSS.   For   this  
reason,   an   accurate   characterisation   of   subject-­‐specific   geometry   and   flow   rates,   as  
boundary  conditions,  is  necessary  to  model  blood  flow  in  the  arterial  system.  
In   this   study,   black   blood   and   phase-­‐contrast   magnetic   resonance   imaging   (MRI)   was  
employed  to  obtain  arterial  geometries  and  flow  measurements  of  five  adult  female  pigs.  To  
the   author's   knowledge,   no   previous   studies   have   modelled   blood   flow   in   a   realistic  
geometry  of  the  porcine  aortic  arch.  Pigs  present  a  significant  advantage  compared  to  mice  
and   rabbits   for   the   study   of   hemodynamics   and   vascular   physiology   as   they   have   similar  
vascular   anatomy   and   physiology   to  man,   they   also   develop   spontaneous   atherosclerosis  
with  age  or  in  response  to  increased  cholesterol  levels202-­‐204.  In  addition,  the  relatively  large  
size  of  their  vessels  allows  isolation  of  sufficient  amounts  of  cells  for  genomic  or  proteomic  




The  overall  aim  of  this  project  was  to  gain  further  knowledge  on  the  effect  of  shear  stress  on  
the   EC   transcriptome   and   to   investigate   whether   low,   oscillatory  WSS   enhances   vascular  
injury  by  promoting  the  expression  of  components  of  pro-­‐apoptotic  signalling  pathways   in  
ECs.     For  this  reason,   I  was   interested   in  general   flow  features  common  among  animals   in  
order   to   generate   WSS   maps   that   will   serve   as   guidelines   for   the   isolation   of   ECs   for  
subsequent  transcriptional  analysis.   I  selected  the  aortic  arch  since  it   is  one  of  the  regions  
susceptible   to   disease   development   and   also   because   the   large   size   of   the   aorta   allows  
detailed  flow  measurement  with  MR  and  sufficient  amount  of  isolated  cells  for  the  genomic  
analysis.    
Previous  studies137,139  on  the  endothelial  transcriptome   in  porcine  arteries  have  generated  
valuable  data,  however  the  conclusions  that  can  be  drawn  from  them  are   limited  because  
shear   stress   patterns   have   not   been   defined   and   anatomical   variation   in   disease  
susceptibility  has  not  been   considered.   Since   atherosclerosis   is   related   to  WSS  magnitude  
and   oscillation,   an   accurate   characterization   of   the   local   hemodynamic   environment   is  
required  to  identify  suitable  regions  for  transcriptome  analysis.  
This  chapter  describes  the  pre-­‐  and  post-­‐processing  techniques  used  for  CFD  analysis,  from  
the  reconstruction  of  the  geometry  to  the  calculation  of  flow-­‐related  metrics.  The  focus   is  
on  steady  state  and  pulsatile  simulations  and  on  the  discussion  of  flow  features  potentially  
relevant  for  the  disease  susceptibility.  
4.2	  Results	  
4.2.1	  Vascular	  geometries	  
The  animals  under   investigation  were  sedated  and   imaged  using  an  MR  scanner  to  obtain  
detailed  information  about  their  vascular  geometries  and  flow  characteristics.  Imaging  was  
carried  out  with  electrocardiogram  (ECG)  gating   to  minimize   technical  artefacts  caused  by  
the  movement  of  the  heart  and  of  the  vessel  during  the  cardiac  cycle.  Thus  all  images  were  
acquired  at  the  same  time  point  of  the  cycle,  the  end  of  diastole,  to  avoid  scanning  during  
the  dilation  of  the  aorta  occurring  during  systole.    
MR   images   were   acquired   over   a   region   of   approximately   12   cm   length   covering   the  




the   descending   aorta.   In   order   to   reduce   the   imaging   time,   a   gap   between   slices   was  
introduced;  however  the  aortic  arch  was  imaged  with  contiguous  slices  due  to  the  complex  
geometry   of   this   region.   Between   26   and   31   images   were   obtained   from   the   scan   and  
imported   into   the   commercial   software   package   Amira   (Visage   Imaging   Inc.)   for  
segmentation.  The  contrast  between  the  vessel  and  the  surrounding  tissue  was  sufficiently  
strong  to  allow  an  automatic   identification  of  the  aorta  using  an  intensity  threshold-­‐based  
method  (Figure  4-­‐1).        
An   intensity   isosurface  was  determined   from  the  contours  and   smoothed  with  a   low-­‐pass  
filter.   Finally,   cylindrical   flow   extensions   were   added   to   each   outflow   to   allow   the   full  
development  of  the  simulated  flow  in  the  domain  of  interest  (Figure  4-­‐2).  In  the  first  animal  
analysed,   the  MR  scan  did  not   cover  a   sufficient   segment  of   the  ascending  aorta  hence  a  
small  flow  extension  was  added  to  the  inlet  section  (Figure  4-­‐3,  A).  
Figure   4-­‐3   shows   the   reconstructed   surfaces   of   the   five   porcine   aortas.   All   vessels   were  
represented  in  the  same  scale  and  it  can  be  inferred  that  they  had  similar  sizes.  In  order  to  
compare  the  different  geometries,  the  hydraulic  diameters  at  the  aortic  root  and  the  outlet  
sections  were  characterised  (Table  4-­‐1).  




where  A  represents  the  area  and  P  the  perimeter  of  the  cross-­‐section.  
Animals   A   to   D   showed   similar   vessel   dimensions   and   a   relatively   small   inter-­‐animal  
variation.   Indeed,  the  standard  deviation   for  the   left  subclavian  artery  and  the  descending  
aorta  was   smaller   than   the   pixel   resolution   (0.0976   cm)   hence   the   difference   among   the  
animals  could  be  considered  negligible.  Animal  E  presented  an  aortic  root  diameter  notably  
larger   than   the   other   animals,   however   the   arch   branches   and   descending   aorta   showed  
?????????????????????????????????????????????????????? ?????????????????? ??????Table  4-­‐1)  
thus   suggesting   a   possible   image   artefact   due   to   poor   ECG-­‐gating.   It   is   also   important   to  
note   that   the   vessels   under   consideration   were   slightly   smaller   than   the   corresponding  
vessels  in  an  adult  human  as  the  latter  has  an  aortic  root  diameter  of  approximately  2.5  cm.  
This  is  not  surprising  as  the  animals  in  this  study  were  young  pigs  between  6  and  9  months  






Figure  4-­‐1  Black  Blood  Turbo  Spin-­‐Echo  MR  images  of  the  aortic  root  (A)  and  branches  (B).  The  boundaries  of  




Figure  4-­‐2  Addition  of  flow  extensions  to  the  outlet  sections  of  a  reconstructed  aortic  arch  geometry.    Flow  





The   aortic   branching   anatomy   was   consistent   among   the   five   animals   under   analysis,  
however   it   showed  a   striking  difference   to   the  branching  configuration   in  humans.  This   is  
schematically   shown   in   Figure   4-­‐4.   In   the   pig,   the   brachiocephalic   trunk   and   the   left  
subclavian  artery  originate  from  the  arch,  while   in  the  human  the  left  carotid  artery  arises  
from  an  additional  aortic  arch  branch.  This  anatomical  difference  is  likely  to  have  an  impact  
on  the  flow  environment  in  the  arch.  
In   order   to   perform   a   CFD   simulation,   the   surface   was   converted   into   a   volume   and  
subdivided  into  elements  to  create  a  mesh.    The  volume  mesh  was  composed  of  two  types  
of  elements.  A  layer  of  prismatic  elements  with  aspect  ratio  of  10  was  applied  near  the  wall,  
while  the  internal  part  of  the  volume  was  composed  of  tetrahedral  elements.  The  different  
element  composition  was  employed  to  accurately  capture  the  boundary  layer  and  the  small  
flow  features  responsible  for  the  wall  shear  stress  patterns.  






Figure  4-­‐3  Geometrical  reconstruction  of  the  aortic  arch  with  branches  from  five  pigs.  The  surfaces  were  reconstructed  from  MR  images,  smoothed  with  a  low-­‐pass  filter  















Pig  A   39.8   1.61   0.97   0.79   1.32  
Pig  B   35.8   1.75   0.72   0.66   1.39  
Pig  C   34   1.73   0.77   0.76   1.34  
Pig  D   37.2   1.79   0.84   0.82   1.27  
Pig  E   38.8   2.11   0.93   0.67   1.31  
Mean  ±  SD   37.1  ±  2.3   1.80  ±  0.19   0.85  ±  0.11   0.74  ±  0.07   1.32  ±  0.05  
Table  4-­‐1  Hydraulic  diameter  [cm]  of  cross-­‐sections  of  the  aorta  and  arch  branches.  	  	  	   	  	  	  
	  
Figure  4-­‐4  Aortic  arch  branching  comparison  between  pig  and  human.  AA:  aortic  arch;  BCT:  brachiocephalic  
trunk;  LSA:  left  subclavian  artery;  RSA:  right  subclavian  artery;  RCCA:  right  common  carotid  artery;  LCCA:  left  




4.2.2	  Boundary	  conditions	  
The  analysis  of   local  hemodynamics  using  computational  methods   is  usually  confined  to  a  
limited   region   of   the   cardiovascular   system.   However   the   arterial   network   is   a   complex  
system   composed   of   millions   of   vessels.   Boundary   conditions   play   an   important   role   in  
modelling  the  presence  of  vessels  outside  of  the  domain  under  investigation.  If  the  choice  of  
boundary   conditions   is   not   appropriate,   the   analysis   can   lead   to   non-­‐physical   results.   For  
this   reason,  boundary  conditions  have   to  be  carefully  considered  and  selected   in  order   to  
represent  reality  as  closely  as  possible.  
In   recent   years,   the   importance   of   a   subject-­‐specific   approach   has   been  
advanced146,198,199,205.   The   acquisition   of   boundary   conditions,   from   the   same   subjects   for  
which   the   geometry   has   been   characterised,   is   a   necessary   step   toward   the  modelling   of  
subject-­‐specific  hemodynamics.  This  approach  leads  to  more  realistic  simulations  and  takes  
into  account  the  inter-­‐subject  physiological  variability  in  both  anatomical  and  hemodynamic  
factors.    
In  this  study,  both  geometrical  and  flow  information  were  acquired  for  each  subject.  Flow  
measurements   were   obtained   by   Phase-­‐Contrast  MRI   and   the   images   were   processed   in  
Matlab  to  convert  the  pixel  intensity  in  three-­‐dimensional  velocity  components  as  described  
in  the  method  section  (Chapter  2).    
Inlet  boundary  condition  
Common  choices   for   inlet  boundary   conditions  are:   (i)   an   idealised   velocity  profile  with   a  
pulsatile   waveform   based   on   experimental   data206,207,208,   (ii)   an   idealised   velocity   profile  
characterised  by  realistic  velocity  waveforms  measured  by  MRI  or  ultrasound198,209  or  (iii)  a  
PC-­‐MRI-­‐measured   three-­‐dimensional   velocity   profile199,210.   Few   studies199,200,211   have  
investigated   the   influence   of   different   inlet   boundary   conditions   on   the   hemodynamic  
solution  and  they  highlighted  the  importance  of  incorporating  measured  velocity  waveforms  
at   the   inlet   section   of   the   domain.   However   they   found   that   the   shape   of   the   profile  
(idealised  versus  realistic)  does  not  influence  significantly  the  shear  stress  distribution  hence  
the  imposition  of  a  realistic  profile  is  not  necessary  in  the  analysis  of  shear  stress  patterns.  
In   addition,   these   studies   commented  on   the   presence   of   non-­‐negligible   in-­‐plane   velocity  





Figure  4-­‐5  Image-­‐based  model  of  the  aorta  showing  the  acquisition  planes  of  the  PC-­‐MRI  scans  and  velocity  
components  diagram.  The  flow  data  were  acquired  at  cross-­‐section  of  the  ascending  aorta  (AA),  descending  
aorta  (DA),  brachiocephalic  trunk  (BCT)  and  left  subclavian  artery  (LSA).  All  three  components  of  the  velocity  
were  measured   at   different   time   points   of   the   cardiac   cycle   and   used   as   boundary   conditions   at   the   inlet  
section.  The  components  were  expressed   in   the   local   cylindrical   coordinates   system:  a-­‐  axial,   t-­‐tangential,   r-­‐
radial.    




From  our  PC-­‐MRI  measurements,  it  was  possible  to  derive  the  profile  and  three-­‐dimensional  
components  of  the  velocity  at  different  locations  in  the  aortic  arch  (Figure  4-­‐5).  The  analysis  
of  MR  data  revealed  the  presence  of  secondary  flow  even  at  the  aortic  root  (Figure  4-­‐6),  as  
previously   reported   in   human   studies199,210,212.   For   this   reason,   the   velocity   profile   at   this  
location   was   skewed   towards   one-­‐side   rather   than   uniformly   flat,   an   assumption   widely  
used  in  other  studies207,208,213,214.  Thus  I   imposed  an  idealised  skewed  profile  characterised  
by  all  three  components  of  the  velocity  measured  by  MRI  in  order  to  take  into  account  the  
in-­‐plane  components  of  the  flow  (tangential  and  radial  vectors  in  Figure  4-­‐5).  The  choice  of  
an  idealised  profile  depended  on  the  fact  that  our  analysis  focused  on  the  WSS  in  the  aortic  
arch  and  not  in  proximity  of  the  inlet  section,  hence  the  inlet  condition  did  not  significantly  
affect   the  domain  of   interest.  By   the   time   the  blood   flow  reached  the  arch   it  would  have  
already  evolved  in  response  to  the  geometrical  changes  thus  losing  the  initial  features.  The  
velocity  waveforms  derived  from  PC-­‐MRI  measurements   for  the  five  animals  are  shown  in  
Figure  4-­‐6.  In  the  unsteady  simulation  the  time-­‐varying  waveform  was  imposed  at  the  inlet.  
In  steady  simulations  the  time-­‐averaged  velocity  was  calculated  over  the  cardiac  cycle  and  
imposed   as   inlet   boundary   condition.   Reynolds   number   in   steady   state   were   958,   1282,  
1105,  964,  748,  while  the  peak  Re  for  the  unsteady  simulation  was  2635.  
Outlet	  boundary	  condition	  
A  common  approach  for  outlet  boundary  conditions  is  to  impose  the  flow  rate  through  each  
outlet  as  a  fraction  of  the  inflowing  blood181,198,214.  In  most  hemodynamic  studies  in  animal  
models,  one  of  the  main  limitations  is  the  lack  of  detailed  animal-­‐specific  information  about  
velocity  and  flow.  In  order  to  overcome  this  problem,  two  strategies  have  been  developed:  
either  the  flow  split   ratio   is  derived  from  literature  or   it   is  calculated  based  on  a  modified  
ve????????????? ???????????181,215.  These  approaches  have  also  been  used  in  human  studies  
of   the   aortic   hemodynamics83,207,214,216.   However   it   has   been   shown   that   these   strategies  
could  lead  to  unrealistic  approximation215  and  that  the  measured  patient-­‐specific  flow  rates  
need  to  be  imposed  in  order  to  obtain  physiologically  realistic  results198.  
In  our  study  I  was  able  to  derive  the  flow  rates  from  the  PC-­‐MRI  velocity  measurements  by  
multiplying   the   through-­‐plane   velocity   component   and   the   cross-­‐sectional   area   of   the  
vessel.  I  derived  the  flow-­‐split  ratio  for  the  multiple  outlets  by  calculating  the  total  flow  rate  




rate  at  the  inlet  section.  Since  the  data  were  derived  from  direct  MR  measurements,  there  
was  an  error   in  the  mass  balance  at  the  outlets  that  was  redistributed  equally  over  all  the  
three  outflows.  
Figure   4-­‐7   shows   the   flow   rates   over   the   cardiac   cycle   for   one   of   the   animal   under  
investigation  (Pig  B).   It  can  be  noted  that  the  flow  rate  waveforms  are  not   in  phase  for  all  
the   vessels,   especially   for   the   descending   aorta.   This   is   caused   by   the   compliance   of   the  
aorta   and   the  presence  of  wave  propagation  phenomena   in   the   arterial  wall.   Since   in  my  
simulations   the   wall   has   been   considered   rigid   I   decided   to   not   take   into   account   this  







Figure   4-­‐6   Velocity   waveforms   acquired   at   the   inlet   section   of   the   ascending   aorta.   The   flow   data   were  
acquired  by  PC-­‐MRI  and  post-­‐processed   in  Matlab   (The  MathWorks   Inc,  R2008b)   to  convert   the   raw  data   in  






Figure  4-­‐7  Flow  rates  measured  by  PC-­‐MRI  at  different  location  of  the  porcine  aortic  arch.  The  flow  rate  was  
determined  by  multiplying  the  through-­‐plane  velocity  with  the  area  of  the  cross-­‐section.  The  positions  where  
the   measures   were   taken   are   shown   in   Figure   4-­‐5:   AA-­‐ascending   aorta,   LSA-­‐left   subclavian   artery,   BCT-­‐
brachiocephalic  trunk,  DA-­‐descending  aorta.  
Wall	  boundary	  conditions	  
In   the   work   presented   here,   the   aortic   wall   was   considered   rigid   and   impermeable.   This  
assumption   is   not   realistic,   as   it   is   known   that   the   vessels   are   compliant   and   expand   in  
response   to   the   increase   of   pressure   induced  by   the   ejection   of   blood   flow   from   the   left  
ventricle.  However,   only   a   few   studies217-­‐219   have   included   the   interaction  between  blood  
flow   and   vessel  wall   into   their  models.  Of  note,   they   showed   that   the  differences   in  wall  
shear   stress  magnitude  are  not   large  and  global   flow   features  are   relatively  unchanged   in  
rigid   and   non-­‐rigid   simulations,   implying   that   the   assumption   of   rigid   walls   is   valid.   In  
addition,   simulations   taking   into   account   the   deformation   of   the   aorta   have   to   make  
assumptions   on   the   mechanical   behaviour   of   the   vessel.   The   arterial   wall   is   anisotropic,  
heterogeneous  and   composed  of   three   layers  with  different  biomechanical   properties.   Its  
mechanical   features   have   not   been   completely   characterised   yet   and,   therefore,   their  
incorporation  into  CFD  models  may  introduce  an  additional  source  of  error.  For  this  reasons,  
the   assumption   of   rigid   walls   in   studies   focusing   on   general   flow   and   wall   shear   stress  
patterns  is  justifiable.  
Blood	  model	  	  
In   my   simulations,   the   blood   has   been   considered   a   Newtonian   fluid   (µ   is   constant),   as  




arteries   exposed   to   high   shear   rates   as   the   aortic   arch220-­‐223.   This   assumption   has   been  
discussed  in  detail  in  section  4.4.  
Mesh	  sensitivity	  analysis	  
Mesh  sensitivity  tests  were  carried  out  to  prove  the  independence  of  the  solution  from  the  
discretisation  of  the  domain.  Ideally,  the  volume  should  be  discretised  as  finely  as  possible  
to  be  able  to  capture  all  the  features  of  the  flow,  from  large  scale  to  microscopic.  However  
the   computational   time   increases   exponentially  with   the   number   of   elements   hence   it   is  
important   to   find  a  mesh  that   is  a  good  compromise  between  computational  efficacy  and  
the   accuracy  of   the   solution.   Three  different  meshes  with   increasing  number   of   elements  
were  compared  by  extracting  the  WSS  magnitude  at  different   locations  of  the  wall.  Figure  
4-­‐8   shows   the   comparison   for   a   line   on   the   outer   vessel  wall.   The  mesh  with   the   lowest  
number  of   elements   (8x105)   shows   inaccuracy   in   the  determination  of   the  WSS,   however  
the  middle  mesh   (1.7x106)   and   the   finest   one   (3x106)   show   almost   identical  WSS   profile  
hence  the  middle  one  was  selected  for  the  analysis.  This  process  was  repeated  for  all   five  
geometries,  and  gave  closely  similar  results  (data  not  shown).  
	  
Figure  4-­‐8  Mesh  convergence  of  the  numerical  simulations.  The  graph  shows  the  WSS  magnitude  along  the  
outer  wall  of   the  aortic  arch   for   three  grids  with   increasing  number  of  elements.  The  two  finer  meshes  give  




4.2.3	  Flow	  in	  the	  aortic	  arch	  
In   order   to   analyse   the   flow   characteristics   in   the   porcine   aortic   arch,   three   dimensional  
velocity   profiles   were   visualised   over   six   representative   planes   along   the   longitudinal  
direction  of  the  aorta.  As  explained  earlier,   the   inlet  profile  was  skewed  towards  one  side  
due  to  the  presence  of  in-­‐plane  velocity  components  revealed  by  PC-­‐MRI  measurements.  As  
the   flow  moved   further  down,   the   skewness   shifted   towards   the  outer  and  posterior  wall  
(Figure  4-­‐9).  At  the  exit  of  the  aortic  arch,  there  was  a  clear  skewing  of  the  velocity  profile  
towards   the   outer   wall   that   rotated   towards   the   anterior   wall   due   to   the   curvature   and  
torsion  of  the  geometry.  From  the  entrance  of  the  arch  to  the  thoracic  aorta,   the  peak  of  
the  axial  velocity  rotated  clockwise.  
The  geometrical  characteristics  of  the  aorta  induced  significant  secondary  flow  motion.  This  
is   consistent   with   previous   studies   about   aortic   arch   hemodynamics   in   human   and  
mice155,182,207,   and   with   literature   about   flow   in   curved   pipes224,225.   Furthermore,   the  
impingement   of   blood   flow   over   the   outer  wall   due   to   the   presence   on   in-­‐plane   velocity  
components  at  the  inlet  led  to  complex  flow  patterns  in  the  arch  and  to  the  formation  of  a  
separation  region  on  the  opposite  side.  This  is  particularly  evident  in  the  first  animal  (Figure  
4-­‐9,  Pig  A),  where  a  significant  recirculation  area  can  be  observed  on  the  inner  wall  of  the  
aortic  arch  (see  arrow  in  Figure  4-­‐9).  For  the  last  animal  (Figure  4-­‐9,  Pig  E),  the  inlet  velocity  
was  lower  than  the  other  subject  and  this  translated  into  a  more  uniform  velocity  profile  at  
the   exit   of   the   arch,   however   the   curvature   of   the   geometry   induced   a   skewness   of   the  
profile  over  the  descending  aorta.    
It   is   also   interesting   to   note   that,   in   the   region   of   the   descending   thoracic   aorta   under  
investigation,  the  flow  was  far  from  being  fully  developed  (Figure  4-­‐9).  The  high  velocity  of  
the   blood   combined  with   the   aortic   curvature   caused   centrifugal   forces   that   induced   the  
formation   of   secondary   vortices   in   the   vicinity   of   the   arterial   wall.   For   this   reason,   the  
introduction   of   geometrical   extension   at   the   outlet   sections  was   of   crucial   importance   to  
allow  the  flow  to  fully  develop  before  reaching  the  end  of  the  domain  so  that  the  boundary  





Figure   4-­‐9   Three-­‐dimensional   velocity   contours   [m/s]   under   steady   conditions   over   six   representative   planes   along   the   aortic   arch   and  descending   aorta.  The   inlet  
velocity  magnitude  is  set  as  maximum  of  the  colour  scale  to  show  the  acceleration  of  the  flow  at  the  end  of  the  arch.  The  profiles  are  skewed  towards  one  side  of  the  vessel  




4.2.4	  Wall	  shear	  stress	  maps	  in	  steady	  state	  
In   the   analysis   of   blood   flow   in   relation   to   the   development   of   atherosclerosis,   the  most  
relevant  parameter  is  likely  to  be  the  WSS,  which  is  the  drag  force  exerted  by  the  blood  on  
the  endothelial  cells.    
The  computed  WSS  maps   in  steady  state  for  the  five  animals  under   investigation  revealed  
significant   spatial   heterogeneity   (Figure   4-­‐10).   However   the   general  WSS   patterns   can   be  
considered  quite   similar  among   the  animals.   It   is  also   important   to  note  many  small-­‐scale  
features,  like  patches  of  high  or  low  WSS,  that  are  caused  by  geometrical  imperfections  on  
the  surfaces  extracted  from  MR  images.  These  features  are  not  taken  into  account,  as  the  
aim  of  this  project  is  to  identify  global  areas  of  low  or  high  WSS  for  subsequent  extraction  of  
mRNA.  
Higher  WSS  was   found  on   the   outer  wall   of   the   aortic   arch   and  on   the   distal  wall   of   the  
branches.  The  minimum  WSS  regions  were  located  along  the  proximal  walls  of  the  branches,  
along  the  inner  wall  within  the  first  half  of  the  aortic  arch  and  on  the  descending  thoracic  
aorta.    
The   flow   analysis   presented   in   the   previous   section   revealed   significant   skewing   of   the  
velocity  profile  caused  by  strong  secondary  flow  components  resulting  from  the  skewness  of  
the  inlet  profile  and  the  combination  of  high  blood  velocity  and  curvature  of  the  arch.  This  
skewing  was  caused  by  the  presence  of  asymmetrical  vortices,  similar  to  Dean  vortices,  and  
it   led   to  asymmetric  WSS  characterised  by  a   rotating  streak  of   low  WSS  on  the   inner  wall  
(Figure  4-­‐10).    The  behaviour  of  flow  in  non-­‐planar  curved  geometries  has  been  described  in  
detail  in225,226.  
In   addition,   a   curvature-­‐dependent   force   accelerated   the   flow   in   the   arch   and   caused   a  
displacement   of   the   peak   velocity   towards   the   outer  wall.      The   skewness   of   the   velocity  
profile   influenced  the  WSS  that  was  higher  along  the  outer  curvature  and   lower  along  the  
inner  curvature.  
It   is  also   interesting   to  note   that   the   flow   in   the  branches  was   skewed   towards   the  distal  
wall  because  of   its   impingement  on  the  downstream  side  of   the  branch  opening,  and  this  
caused  flow  stagnation  and  recirculation  on  the  other  side  of  the  opening  characterised  by  




Two-­‐dimensional	  mapping	  	  
The   three-­‐dimensional  WSS   contours   can  be  mapped  on   a   two-­‐dimensional   plane   (Figure  
4-­‐10)  to   facilitate  the   identification  of  high  and  low  WSS  regions   in  en  face  preparation  of  
arteries.  The  approach  used  in  this  manuscript  was  based  on  a  method  published  by227  that  
used  the  curvilinear  abscissa  and  the  angular  position  compared  to   the  centreline  of  each  
point  on  the  surface.  The  geometries  were  pre-­‐processed  in  VMTK  (open  source  software,  
www.vmtk.org)  to  remove  the  branches  from  the  aortic  arch  and  were  virtually  opened  up  
on  the  dorsal  side  following  the  natural  curvature  of  the  vessel  using  VMTK  and  a  purpose-­‐





Figure  4-­‐10  WSS  patterns  (N/m2)  in  steady  conditions  calculated  in  the  aortic  arches  of  five  pigs.  The  original  geometry  was  unwrapped  via  a  computational  incision  over  
the  outer  aortic  wall  and  the  2-­‐dimensional  WSS  map  was  visualized  with  the  endothelial  layer  facing  upwards.  Areas  of  low  WSS  (dark  blue)  were  mainly  located  at  the  
inner  curvature  of  the  arch.  The  outer  curvature  exhibited  more  heterogeneous  patterns  with  high  shear  stress   (red)  downstream  the  subclavian  arteries.  Aortic  flow  is  
from  top  to  bottom.  Many  small-­‐scale  geometrical  imperfections  of  the  surface  extracted  from  MR  images  cause  patched  of  high  shear  stress  in  the  descending  aorta,  this  
is  particularly  evident  in  Pig  B.  In  addition  this  subject  showed  high  WSS  patterns  in  the  brachiocephalic  trunk,  this  was  likely  to  be  caused  by  an  imbalance  on  the  flow  rate  
measured  by  MR.  This  branch  was  smaller  than  in  the  other  animals  however  a  similar  flow  rate  was  applied  causing  the  increase  in  WSS.  Since  this  study  focused  on  the  




4.2.5	  Unsteady	  state	  simulation	  
In  order   to   validate   the   results  of   steady   state   simulations   and   investigate   the  directional  
oscillation   of   WSS,   pulsatile   flow   characteristics   were   analysed   using   a   geometry   from   a  
single  animal.    
The  simulation  was  run  for  multiple  cardiac  cycles  until  the  flow  was  found  to  have  reached  
a  periodic  state.  The  WSS  magnitude  was  monitored  at  different  locations  across  the  vessels  
to  confirm  that  transient  effects  had  left  the  domain.  Figure  4-­‐11  shows  a  plot  of  WSS  versus  
time  at  one  point  in  the  inner  wall.  Periodicity  was  reached  at  the  fourth  cycle.  
	  
Figure   4-­‐11   Instantaneous  WSS  magnitude   during   the   first   four   cardiac   cycles   at   one   point   on   the   inner  
curvature  of  the  vessel  for  simulation  of  pulsatile  flow.  
Figure  4-­‐12  shows  velocity  profiles  computed  at  multiple  locations  of  the  aortic  arch  at  four  
representative  time  points  of  the  cardiac  cycle:  peak  systole,  late  systole,  peak  diastole,  late  
diastole.   In   agreement   with   previous   studies   on   pulsatile   flow   in   the   human   aortic  
arch199,212,228,229,   the   velocity   profile  was   skewed   towards   one   side   in   the   ascending   aorta  
due  to  the  presence  of  secondary  flow  components  at  the  inlet.  The  curvature  of  the  arch  
introduced  a  rotation  of  the  profile  clearly  visible  in  the  deceleration  and  diastolic  phase.    At  
peak  systole,  the  presence  of  the  branches  caused  a  reflection  of  the  incoming  high  velocity  
flow  that  was  directed  towards  the   inner  wall  of  the  arch.   It   is  also   important  to  note  the  
presence  of  retrograde  flow  (see  arrow  in  Figure  4-­‐12),  starting  at  late  systole  and  reaching  




likely  to  provide  blood  flow  to  coronary  arteries230  and  it  is  also  responsible  for  changes  in  
WSS  direction  on  the  inner  curvature  of  the  arch.  
	  
Figure  4-­‐12  Velocity  profiles  [m/s]  at  four  representative  points  of  the  cardiac  cycle  for  a  porcine  aortic  arch.  
The  arrow  indicates  peak  retrograde  flow  in  diastole  at  the  inner  curvature  of  the  arch.  




Time-­‐averaged  WSS  (TAWSS)  and  OSI  distributions  were  computed,  as  shown  in  Figure  4-­‐13  
and  Figure  4-­‐14.  The  scalar  range  for  TAWSS  was  selected  to  highlight   features  of   interest  
and  show  similarities  with  steady  state  patterns.    
The  aortic  arch  was  exposed  to  higher  magnitudes  of  WSS  over  the  cardiac  cycle  compared  
to  steady  state,  as  the  areas  of  very  low  WSS  identified  in  steady  state  were  almost  absent  
in  the  TAWSS  map  which  showed  more  similar  WSS  levels  in  the  inner  and  outer  wall  (Figure  
4-­‐13).    The  other  notable  difference  was  an  area  of  medium  TAWSS  on  the  inner  wall  of  the  
second  half  of  the  aortic  arch  (identified  in  green  on  the  right  panel  of  Figure  4-­‐13)  that  was  
not  present   in  steady  state  (Figure  4-­‐10).  However  the  general  WSS  pattern  was  similar   in  
steady   and   unsteady   simulations   with   the   inner   curvature   of   the   arch   being   exposed   to  
lower  TAWSS  than  the  outer  curvature.  In  addition,  areas  of  minimum  TAWSS  were  found  
on  the  inner  wall  of  the  aorta  in  the  first  half  of  the  arch  and  in  the  descending  aorta,  similar  
to  steady  state.  
The  outer  wall  was  also  exposed  to  minimum  OSI  representing  a  consistent  directionality  of  
WSS  over  time.  On  the  contrary,  OSI  values  on  the  inner  wall  were  significantly  higher  than  
corresponding  values  on   the  outer  wall   (Figure  4-­‐14).  Maximum  OSI  areas  were   found  on  
the   inner   curvature   of   the   arch,   mostly   co-­‐localising   with   low   TAWSS   regions,   thus  
identifying   low/oscillatory  WSS   sites   (Figure   4-­‐13   and   Figure   4-­‐14).   The   inner   wall   of   the  
descending  aorta  showed  similar  TAWSS  but  lower  OSI  than  the  inner  wall  of  the  arch,  thus  
presenting  a  more  unidirectional  WSS  environment.  
The  aortic  branches  also  showed  co-­‐localisation  of  low  TAWSS  and  high  OSI  in  the  proximal  
wall,  and  opposite  trend  on  the  distal  wall.  The  high  velocity  flow  from  the  aorta  suddenly  
decelerated  as  it  was  diverted  into  the  branches  and  created  high  WSS  on  the  distal  wall  and  
recirculation,  low  multi-­‐directional  WSS,  on  the  proximal  wall.    
Since  steady  state  analysis  was  able  to  capture  the  general  features  of  the  pulsatile  flow  in  
terms  of  WSS,   I  decided  to  use   the  steady  state  simulations   to   identify  high  and   low  WSS  






Figure  4-­‐13  Time-­‐averaged  WSS   (TAWSS)  distribution   (N/m2)   at   the  porcine  aortic  arch,  depicted  at   three  
different   views.  High   TAWSS   is   represented   in   red   and   low  TAWSS   in   blue.   The   circumferential   line   on   the  
inner  wall  of  the  geometry  on  the  right  panel  is  a  post-­‐processing  artefact.  
	  
Figure  4-­‐14  Oscillatory  Shear  Index  (OSI)  distribution  at  the  porcine  aortic  arch,  depicted  at  three  different  





4.2.6	  Averaged	  WSS	  map	  
As  mentioned  before,  the  aim  of  this  study  was  not  only  to  characterise  the  blood  flow  in  
the  porcine  aortic  arch,  but  also  to  utilise  the  hemodynamics  to   inform  the  isolation  of  EC  
from  high  and   low  WSS  regions   for  subsequent  microarray  analysis.  For  this   reason,   I  was  
interested  in  the  patterns  of  WSS  that  were  conserved  between  individual  pigs.  In  order  to  
better  understand  and  highlight  these  common  features,  I  computed  an  averaged  WSS  map  
for  all  five  animals  (Figure  4-­‐15).  
The  main   challenge   in   computing   an   average  WSS  map   laid   in   the   significant   geometrical  
differences  among  the  animals.  It  was  not  possible  to  quantitatively  compare  hemodynamic  
features  in  a  population  study  without  a  consistent  parametrisation  of  the  geometry.  In  this  
study,   I   applied   the   method   developed   in227   to   decompose   and   map   bifurcating   vessels  
based   on   centrelines   and   angular   metrics,   as   explained   in   section   4.2.4.   This   approach  
allowed  the  vessels  to  be  mapped  in  the  same  scale  using  longitudinal  and  circumferential  
coordinates,   then   to  perform  point-­‐to-­‐point   comparison  among  animals   in   the  parametric  
space.   In   this   case,   in   order   to   perform   a   point-­‐to-­‐point   average   of   the  WSS  magnitude   I  
considered  the   first  branch  the   reference  to  overlap   the  maps   from  the   five  subjects.  The  
longitudinal  distance  was  then  normalised  to  the  reference  point  so  that  the  maps  could  be  
compared  as  the  arches  had  different   lengths  and   inlet  sections.  Finally  an  average  of  the  
steady  WSS  was  performed  to  identify  common  patterns  between  subjects.  
Despite  individual  variation  in  geometry  and  inlet  conditions,  the  averaged  WSS  map  reveals  
that   some   features  of   the  WSS  pattern  were  conserved  across   the  animals.   Low  WSS  was  
consistently   located  along  the   inner  wall  within  the  first  half  of  the  aortic  arch  and  on  the  
descending   thoracic   aorta   (Figure   4-­‐15).   High  WSS   was   found   mainly   on   the   outer   wall,  
especially  downstream  of  the  left  subclavian  artery  (Figure  4-­‐15).  These  findings  support  my  
hypothesis   that   it   is   possible   to   extract   common  WSS   features   from   similar   subjects   (in  
terms  of  age,  weight  and  health   status).  However   the   role  of   inter-­‐individual   variations   in  
geometry  and  flow  condition  on  WSS  distribution  must  not  be  underestimated.  Thus  it  was  
concluded  that  in  order  to  accurately  model  blood  flow,  it  is  necessary  to  obtain  a  detailed  





Figure  4-­‐15  Averaged  WSS  patterns  from  the  aortic  arches  of  five  pigs.  Values  were  normalized  by  the  WSS  
for  Poiseuille  flow  in  a  straight  tube  with  cross-­‐sectional  area  and  velocity  equal  to  the  inlet  condition  for  the  
each  animal.  Areas  of   low  WSS   (dark  blue)  were  mainly   located  at   the   inner  curvature.  The  outer  curvature  
exhibited  more  heterogeneous  patterns  with  high  shear  stress  (red)  downstream  the  subclavian  arteries.  





? MR  analysis  of  the  flow  in  the  porcine  ascending  aorta  revealed  the  presence  of  strong  
secondary  flow  components  that  were  incorporated  into  the  boundary  conditions  of  the  
CFD  simulations;  
? The  combination  of  geometrical  curvature  and  torsion  with  in-­‐plane  velocity  components  
at   the   inlet   resulted   in   the   skewness   of   the   velocity   profile   and   the   formation   of  
asymmetrical  secondary  vortices  that  led  to  the  rotation  of  the  peak  axial  velocity  exiting  
the  arch;  
? Steady  state  analysis  of  the  WSS  patterns  revealed  common  features  among  the  different  
animals.  Low  WSS  was  found  along  the  inner  wall  within  the  first  half  of  the  aortic  arch  
and  on  the  descending  thoracic  aorta,  while  maximum  WSS  areas  were  on  the  outer  wall  
of  the  arch.    The  branches  exhibited  low  WSS  on  the  proximal  wall  and  high  WSS  on  the  
distal  one;  
? Time-­‐averaged  WSS   patterns  were   very   similar   to   its   steady   equivalent   with   the   inner  
curvature  of  the  arch  being  exposed  to  lower  TAWSS  than  the  outer  curvature;  
? Unsteady  simulations  with  pulsatile  flow  showed  that  the  inner  wall  presented  high  OSI,  
which  indicated  a  great  change  in  flow  direction  over  the  cardiac  cycle.  On  the  contrary  
the  outer  wall  showed  minimum  OSI  hence  it  was  exposed  to  more  unidirectional  flow;  
? My  findings  showed  that  there  is  a  correlation  between  the  areas  exposed  to  low,  multi-­‐
directional  WSS  and  the  regions  associated  with  highest  lesion  prevalence  in  the  porcine  
aortic  arch.  





This  study  characterised  the  spatial  distribution  of  steady  and  pulsatile  flow  patterns,  WSS  
and  OSI  for  the  porcine  aortic  arch.  The  computational  simulations  were  performed  in  five  
pigs   in   order   to   identify   variations   and   common   features   in   hemodynamics   between  
animals.  
Since  my  overall   aim  was   to  better  understand   the  molecular  mechanisms  underlying   the  
effect  of  flow  on  endothelial  cells,  I  wanted  to  identify  appropriate  regions  for  EC  isolation  
for  subsequent  microarray  analysis.  The  hemodynamics  was  analysed   in  steady  state  after  
unsteady   analysis   of   one   subject   revealed   that   TAWSS   patterns   were   very   similar   to   the  
steady   equivalent   hence   the   remaining   four   geometries   were   all   studied   in   steady   state.  
Similar   findings   were   also   reported   in   other   hemodynamics   studies155,181,231.   After  
characterising  the  blood  flow  in  the  arch,  I  selected  regions  with  opposite  features:  the  area  
exposed  to  low  WSS  and  high  OSI  on  the  inner  wall,  and  the  area  with  high  WSS  and  low  OSI  
on  the  outer  wall  downstream  of  the  second  branch.  The  EC  from  these  areas  were  exposed  
to   significantly   different   local   hemodynamic   conditions.   Thus   the  microarray   analysis   will  
likely   identify   specific   effects   of   different   flow   environment   on   endothelial   transcriptome  
(see  Chapter  5).  
As   previously   mentioned,   the   pig   is   a   novel   animal   model   for   the   investigation   of   aortic  
hemodynamics.   Previous   studies   have  mainly   focused  on  mice  models.   The   latter   species  
presents   significant   differences   from  man   in   terms   of   lower   Reynolds   number   and   faster  
heartbeat,  hence  larger  temporal  gradients.  Studies154,155,182,232,233  of  murine  hemodynamics  
showed   that   low   WSS   was   found   on   the   inner   wall   of   the   aortic   arch,   however   time-­‐
dependent   analysis   revealed   that   TAWSS   was   lower   on   the   outer   wall   of   the   ascending  
aorta182.  WSS  in  this  area  was  not  described  by  previous  studies  as  the  analysis  focused  on  
other   regions,   however   published   results   showed   similar   low  WSS   patterns154,155,233.   This  
finding  was  unexpected  since  the  ascending  aorta  is  generally  considered  a  low  probability  
region   for   atherosclerotic   lesions   formation111.   However   the   greatest   change   in   flow  
direction  during   the  cardiac  cycle  occurred  at   the   inner  wall  of   the  arch154,182,232,   the  area  
with   highest   lesion   probability111.   The   coincidence   of   high  WSS   directional   changes   with  




magnitude,  are  a  more  relevant   factor   for  the  development  of  atherosclerosis   in  mice.  An  
hypothesis   also   supported   by   several   studies154,182,234   that   highlighted   higher   WSS  
magnitude   in  mice   compared   to  human   and   the   pro-­‐atherogenic   effect   of   experimentally  
increasing  retrograde  flow.    
These   findings   on   mice   hemodynamics   are   significantly   different   from   my   results   that  
highlighted  a  co-­‐localisation  of  low  WSS  and  high  OSI  on  the  lesser  curvature  of  the  porcine  
arch.  In  addition,  studies  about  human  aorta  hemodynamics  showed  that  WSS  was  low,  and  
OSI   was   high,   along   the   inner   wall   of   the   ascending   aorta   and   of   the   aortic  
arch198,199,214,218,235.  These  common  patterns  among  human  and  porcine  hemodynamics  are  
not  surprising  considering  the  similar  anatomy  and  physiology  between  the  two  species.  
Interestingly,   previous   studies137,139   on  porcine  atherosclerosis   identified   the   inner  wall   of  
the  descending  thoracic  aorta  as  an  area  protected  from  the  disease  since  it  rarely  develops  
atherosclerotic   plaques.   My   analysis   showed   that   the   WSS   exhibited   relatively   low  
magnitude   on   the   inner   side   of   the   descending   thoracic   aorta   suggesting   that   this   region  
might   not   experience   protective   hemodynamic   conditions.   In   addition,   WSS   oscillations  
were  greater  on  the  inner  curvature  than  the  outer  curvature  of  the  aortic  arch.  However,  
OSI  was  higher  at  the  inner  curvature  of  the  arch  (prone)  compared  to  the  inner  side  of  the  
descending  aorta  (protected),  indicating  that  the  extent  of  oscillation  might  be  important.  
Assuming   that  WSS   is   related   to   lesion  development,   it   can   then  be   inferred   that   in  mice  
oscillatory  shear  stress  is  sufficient  to  generate  atherosclerosis,  while  in  pig  and  human  the  
combination  of  low/oscillatory  shear  stress  has  to  be  considered.  Obviously,  there  is  also  the  
possibility   that   atherosclerosis   is   not   exclusively   caused   by   low/oscillatory  WSS   but   other  
factors  could  be  involved,  for  example  the  transport  of  blood-­‐borne  molecules  (like  LDL  and  
NO)  to  the  endothelium  or  the  wall  strain.    
My  results  highlighted  the  importance  of  a  detailed  characterization  of  local  hemodynamics  
and   the   computed   WSS   maps   revealed   great   spatial   heterogeneity   challenging   common  




Limitations	  of	  the	  model	  and	  future	  work	  
In  this  study,  several  aspects  of  the  aortic  arch  hemodynamics  were  simplified.  Future  works  
should   aim   to   define   a   more   complex   and   realistic   model   to   investigate   how   different  
assumptions  influence  the  final  solution  in  terms  of  WSS  distribution.    
Firstly,   recent   studies  of   boundary   conditions  have   used   lumped   (0D)  or   1D  models219,236,  
which  are  based  on  simplified  representation  of  the  vascular  network,  to  reproduce  the  fluid  
impedance   of   the   downstream   vasculature.   These   models,   coupled   to   3D   CFD   models,  
should  be  applied   to   studies  of  porcine  aorta   in  order   to  provide  more   realistic  boundary  
conditions.  
Secondly,  blood  was  assumed  to  be  a  Newtonian   fluid.  However   the  blood  has  a  complex  
physical  and  chemical  constitutions  and  it  is  a  non-­‐Newtonian  fluid  with  viscosity  dependent  
on  the  shear  rate.  Studies220,221,237  reported  that  this  simplification  has  modest  quantitative  
effects   on   the  WSS   distribution,   especially   in   large   arteries  with   high   shear   rates   like   the  
aorta.  However  a  non-­‐Newtonian  model  would  be  more  appropriate  to  capture  in  detail  the  
real  blood  behaviour  under  complex  flow  conditions.  
The   motion   of   the   arterial   wall   was   not   considered   in   this   work   but   in   reality   the   aorta  
exhibits   deformation.   FSI   (fluid-­‐structure   interaction)  models   can   provide   a  more   realistic  
description   of   the   hemodynamics   however   they   involve   complex   algorithms   that   require  
higher  computational  cost,  as  well  as  the  determination  of  the  arterial  wall  properties  at  a  
patient-­‐specific  level.    Despite  great  progresses  achieved  in  recent  years,  this  area  remains  
one  of  the  biggest  challenges  in  the  CFD  field.  




Chapter	  5 Microarray	  analysis	  and	  validation	  
5.1	  Introduction	  
Blood   flow   controls   the   spatial   distribution   of   atherosclerotic   lesions   by   influencing  
numerous   aspects   of   EC   physiology,   including   inflammatory   activation   and  
viability64,102,123,126,135,176.   Of   particular   note,   EC   in   low   shear,   lesion-­‐prone   regions   are  
characterized   by   increased   apoptosis   and   turnover   rates55,61-­‐63   thus   providing   a   potential  
explanation  for  the  distinct  spatial  localization  of  lesion  formation.  Although  the  molecular  
mechanisms  underlying  the  effects  of  shear  stress  on  EC  physiology  are  poorly  understood,  
mechanical   forces  are  known   to  play  a   role   in   influencing   the  endothelium   transcriptional  
activity  (reviewed  in  95,238).  
Several   studies132-­‐135   investigated   the   impact   of   different   shear   stress   patterns   on   the  
endothelial   transcriptome   in   vitro   and   provided   useful   insight   into   shear-­‐dependent  
mechanisms.   However,   in   vitro   studies   fail   to   replicate   important   in   vivo   physiological  
parameters,  such  as  arterial  pressure  and  extracellular  environment,  hence   in  vivo  analyses  
are  required  to  understand  flow-­‐dependent  vascular  wall  physiology.  
In   this   study,   I   correlated   the   endothelial   transcriptome   with   shear   stress   in   vivo   by  
conducting   a   microarray   study   comparing   gene   expression   at   high   and   low   shear   stress  
regions  of  the  porcine  aortic  arch.  The  regions  for  EC  isolation  were  selected  by  studying  the  
hemodynamics  of  the  porcine  aortic  arch  using  computational  fluid  dynamics  (Chapter  4).  
Since   microarray   technology   allows   studying   the   transcriptome   on   a   large   scale,   I  
hypothesised  that  this  approach  can   identify  numerous  differentially  expressed  transcripts  
involved   in   several   aspects   of   EC   physiology.   This   project   focused   on   putative   novel  
regulator  of  apoptosis  while  other  functional  groups  will  be  investigated  by  future  studies.    
To  assess  and  verify  this  hypothesis,  the  following  aims  were  explored:  
1. Assess   the   transcriptome   at   regions   exposed   to   high   or   low   shear   stress   in   the  
porcine  aortic  arch  by  microarray  analysis;  





3. Identify   the   function   of   these   transcripts   using   the   DAVID   database   for   biological  
annotation;  
4. Validate  microarray  findings  by  quantitative  RT-­‐PCR  of  RNA  extracted  from  additional  
independent  samples.    
5.2  Results	  
5.2.1	  EC	  isolation	  and	  RNA	  quality	  
EC   were   isolated   from   regions   of   interest   (Figure   5-­‐1)   of   the   porcine   aortic   arch   using   a  
combination  of  scraping  and  collagenase  digestion  (Dr.  Warboys,  unpublished).   In  order  to  
confirm   that   the   isolation   targeted   exclusively   the   endothelium   layer,   the   extracted   RNA  
was  tested  for  endothelial,  smooth  muscle  cells  and  macrophages  gene  markers.  The  results  
were  then  compared  with  RNA  extracted  from  cultured  PAEC,  Vascular  Smooth  Muscle  Cells  
(VSMC)  or  macrophages  which  served  as  experimental  controls.  Figure  5-­‐2  shows  that  CD31  
levels   from   cells   isolated   from   the   aorta   using   the   scraping/collagenase   method   were  
???????????????????????????????????????????????????????-­‐SMA  were  almost  absent  from  
isolated  RNA  thus  suggesting  an  exclusive  presence  of  endothelial  cells.  
Furthermore,   in   order   to   confirm   accurate   identification   and   isolation   of   the   two   flow  
pattern   regions,   I   analysed   the  mRNA  expression  of   two  pro-­‐inflammatory  genes   (VCAM1  
and  ICAM1)  known  to  be  up-­‐regulated  by  low  shear  stress159,185,239.  The  expression  of  these  
transcripts  was  higher   in  cells   isolated   from  the   low  shear  stress   region  compared  to  cells  





Figure  5-­‐1  Schematic  representation  of  the  localisation  of  high  and  low  shear  stress  regions  for  RNA  isolation  
for  microarray   analysis.   These   regions  were   selected   from   the   results   of   the   computational   hemodynamics  
analysis  (Figure  4-­‐15).  	  	  	  	  
	  
Figure   5-­‐2   Quality   assessment   of   the   EC   isolation   technique.   Cells   freshly   isolated   from   pig   tissue   with  
collagenase/scraping   method   were   compared   with   RNA   extracted   from   cultured   PAECs,   VSMCs   and  
????????????? ??????? ??? ????????? ????????????? ??????? ?-­‐SMA   and   CD14)   were   quantified   by   qRT-­‐PCR   using  
gene-­‐specific   primers   and   normalised   by   measuring   B2M   levels.   Mean   values   from   10   independent  





Figure  5-­‐3  Assessment  of  inflammatory  gene  expression  at  high  and  low  shear  stress  regions  of  the  pig  aortic  
arch.  mRNA  expression  of  VCAM1  and  ICAM1  in   low  and  high  shear   stress  regions  of  the  porcine  aortic  arch  
was  analysed  by  qRT-­‐PCR  using  gene-­‐specific  primers  and  normalised  by  measuring  B2M  levels.  Mean  values  
from  8  independent  experiments  are  shown  with  standard  deviation.  Unpaired  two-­‐tailed  t-­‐test  was  used  to  




After  confirming  the  validity  of  the  isolation  method,  RNA  was  extracted  from  high  and  low  
shear   stress   regions   from   five   animals   to   conduct   a   microarray   study   using   Affymetrix®  
Porcine   Genome   Arrays.   Quantification   and   quality   control   tests   were   performed   using  
NanoDrop  and  Bioanalyzer  equipment  before  the  hybridization  of  the  array.  
Good  quality  total  RNA  is  characterised  by  the  following  parameters:  
? Nanodrop  ratio  of  absorbance  at  260  and  280  nm  between  1.9-­‐2.1;  
? Clear  18s  and  28s  ribosomal  RNA  peaks;  
? Peaks  ratio  of  18s/28s  between  1.48-­‐1.67;  
? A  flat  baseline  in  the  fast-­‐migration  region  before  the  18s  peak;  
? A  return  to  baseline  after  the  ribosomal  RNA  peaks;  
? These  features  are  used  to  calculate  a  RNA  index  number  (RIN)  that  is  proportional  
to  the  quality  of  the  RNA.  RIN  can  vary  from  1  to  10,  and  for  the  microarray  study  
RIN  should  exceed  7.  
Table  5-­‐1  reports  the  results  of  the  quality  tests  for  the  samples  studied  by  microarray.  All  
the  RNA  samples  had  the  desired  absorbance  ratio  260/280  between  1.9  and  2.1.  RIN  scores  
were  above  the  threshold  of  7  thus  indicating  a  good  quality  RNA  and  the  Bioanalyzer  traces  
showed  clear  18s  and  28s  with  flat  baselines  before  and  after  the  peaks  (Figure  5-­‐4)  




Subject   Condition   A260/280  
Concentration  
???????  
18s/28s   RIN  
Pig  1   High  shear  stress   1.98   20.7   1.5   7.4  
Pig  1   Low  shear  stress   1.9   21.7   1.4   7.2  
Pig  2   High  shear  stress   2.03   29.4   1.4   7.3  
Pig  2   Low  shear  stress   1.88   22.3   1.2   7.5  
Pig  3   High  shear  stress   2.01   24.4   1.4   7.4  
Pig  3   Low  shear  stress   2.17   39.1   1.4   7.4  
Pig  4   High  shear  stress   1.92   24.9   1.4   7.4  
Pig  4   Low  shear  stress   1.94   40.6   1.4   7  
Pig  5   High  shear  stress   1.96   19.6   1.5   7.3  
Pig  5   Low  shear  stress   1.96   19.6   1.5   7.3  
Table   5-­‐1   Total   RNA   readouts   from   NanoDrop   and   Bioanalyzer   assessment.   A260/280   indicates   the   ratio   of  
absorbance  at  260  and  280nm  while  18s/28s  indicates  the  ratio  between  the  two  major  ribosomal  RNA  species  
calculated  by  the  Bioanalyzer.  RIN  is  the  RNA  index  number  and  it  is  a  measure  of  the  quality  of  the  RNA.  
	  
	  
Figure  5-­‐4  Electropherograms  of  the  total  RNA  samples  for  the  microarray  analysis  obtained  from  an  Agilent  
Bioanalyzer.  Total  RNA  integrity  was  assessed  with  an  Agilent  Bioanalyzer.  Clear  18s  and  28s  ribosomal  RNA  
peaks  can  be  observed  in  all  the  graphs.  The  area  under  these  peaks  was  used  to  calculate  the  ratio  between  
these   two   ribosomal   RNA   species.   Significant   changes   in   this   ratio   are   indicative   of   degraded   RNA.   Smaller  




5.2.2	  Identification	  of	  differentially	  expressed	  transcripts	  
Microarray  data  were  analysed  using  GeneSpring  software  GX11  (Agilent)  to  identify  genes  
that  were  differentially  expressed  in  EC  from  high  or  low  shear  stress  regions  of  the  porcine  
aortic  arch.  Since  the  microarray  hybridisation  procedure  might  have  introduced  error  that  
could  influence  the  statistical  test,  the  raw  data  were  pre-­‐processed  through  normalisation  
and  filtering.  Probe  intensities  data  were  filtered  based  on  their  expression:  probes  whose  
expression  was  less  than  20th  low  percentile  were  filtered  out  as  the  background  could  have  
heavily  biased  them.  In  addition,  probes  exhibiting  a  coefficient  of  variation  over  0.9  within  
the  same  group  of  samples  were  excluded,  as  they  did  not  show  high  reproducibility.  In  the  
end,  a  total  of  3189  probes  were  selected  for  statistical  analysis.  Differential  expression  was  
????????????????????????????? ??????????????????? ?-­‐test  adjusted   for  multiple   comparisons  
with  a  false  discovery  rate  correction  with  a  cut  off  threshold  of  0.05  for  p  values.    
764   genes  were   found   to   have   different   expression   levels   in   low   compared   to  high   shear  
stress  conditions.  The  full  list  including  p  values  and  fold  change  can  be  found  in  Appendix  1.  
Since   the   study   was   conducted   in   pigs,   not   all   the   genes   could   be   annotated   as   many  
Affymetrix   probes   corresponded   to   expressed   sequence   tags   (EST)   and   little   information  
was  available.  Thus,  in  addition  to  the  gene  annotation  provided  by  the  array  manufacturer,  
I   also  manually   annotated   part   of   the   transcripts   by   running   a   BLAST   analysis   to   identify  
sequence   similarity   with   human   and   murine   genes.   A   minimum   of   70%   for   sequence  
similarity  was   considered   significant.   In   the  end   it  was  possible   to   annotate  623  genes  of  
which  117  changed  over  two  folds  between  the  different  shear  stress  conditions.  
5.2.3	  Functional	  annotation	  
In  order   to  understand  biological  meaning  behind   the   large   set  of  differentially  expressed  
genes,   the   annotated   transcripts   were   grouped   according   to   their   functions   using   DAVID  
(http://david.abcc.ncifcrf.gov/).    
DAVID  performed  a  gene  ontology  analysis  using  all  the  623  differentially  expressed  genes;  





The   results   showed   that   blood   flow   alters   the   expression   of   genes   involved   in   several  
functions   such   as   transcriptional   activity,   apoptosis   and   angiogenesis.   A   summary   of   the  
functional  categories  with  highest  statistical  significance  can  be  found  in  Table  5-­‐2.  
My   findings   were   in   agreement   with   previous   studies   that   reported   similar   biological  
functions   to   be   influenced   by   blood   flow133,134,137,142.   Furthermore,   genes   involved   in   the  
regulation   of   apoptosis   were   differentially   expressed   between   high   and   low   shear   stress  
regions   further  supporting  my   initial  hypothesis  of  a   relation  between  apoptosis  and   local  
hemodynamics.  
Functional  category   Number  of  Genes   Enrichment  Score  
Transcription   77   3.86  
Macromolecule  metabolic  
process   36   3.4  
Apoptosis   56   3.24  
Angiogenesis   17   2.63  
Cell  migration   18   1.97  
Development   11   1.52  
Table   5-­‐2   Overrepresented   biological   functions   with   highest   enrichment   score   identified   by   DAVID.  
Differentially  expressed  genes  were  grouped  according  to  their  biological  functions  using  DAVID  and  based  on  
Gene   Ontology   terms.   The   DAVID   Functional   Annotation   Clustering   tool   was   used   to   highlight   the   most  
relevant  functional  categories.  
5.2.4	  Heatmap	  
Genes   with   a   putative   role   in   the   apoptotic   process   were   visualised   using   a   heatmap  
representing   their   level   of   expression   among   the   microarray   samples   (Figure   5-­‐5).   The  
columns   of   the   map   correspond   to   high   or   low   shear   stress   samples   while   the   rows  
correspond   to   the   transcripts.   The   expression   is   represented  with   colours;   suppression   is  
shown  in  green  while   induction  is  shown  in  red.  The  heatmap  highlights  that  31  genes  are  
up-­‐regulated  in  low  shear  stress  areas  compared  to  high  shear  stress  ones  thus  suggesting  a  
possible   pro-­‐apoptotic   role   while   25   genes   are   down-­‐regulated   in   low   shear   stress   thus  





Figure  5-­‐5  Heatmap  of  differentially  expressed  genes  with  a  putative  role  in  apoptosis.  This  heatmap  represents  the  expression  patterns  of  apoptotis-­‐related  genes  in  ECs  
isolated  from  high  and  low  shear  stress  regions  of  the  porcine  aortic  arch.  Green  shows  genes  suppression  and  red  shows  induction.  The  heatmap  clearly  highlights  two  
groups  of  genes,  those  induced  in  low  shear  areas  (top)  and  those  induced  in  high  shear  areas  (bottom).    
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5.2.5	  Validation	  of	  differential	  expression	  by	  qRT-­‐PCR	  
Microarray   data   were   validated   using   quantitative   RT-­‐PCR   to   verify   that   the   transcripts  
identified  by  the  array  were  genuinely  differentially  expressed  between  the  two  shear  stress  
regions.  Since  the  focus  of  this  project  is  on  novel  regulators  of  apoptosis,  quantitative  real  
time  PCR  was  used  to  assess  the  expression  of  a  selection  of  transcripts  with  a  putative  role  
in   apoptosis   identified   by   DAVID   analysis   (Figure   5-­‐6).   The   selection   was   based   on  
expression  level,  that  is  genes  that  changed  more  than  two-­‐fold  between  the  shear  regions,  
plus   a   few   transcripts   were   handpicked   because   of   particular   interest   of   our   group.  
Independent  experiments  using  EC   isolated  from  high  and   low  shear  stress   regions  of   five  
pigs  (i.e.  different  animals  from  those  used  for  the  microarray  analysis)  confirmed  that  60%  
(7/11)  of   the   selected  genes  were  differentially  expressed  as  predicted  by   the  microarray  
analysis  (Table  5-­‐3  and  Figure  5-­‐6).  For  the  other  genes,  there  was  no  statistical  difference  in  






Regulation  in  low  compared  to  high  shear  stress  
Array   qRT-­‐PCR  
c-­‐JUN   Down   Down  
FADD   Down   Down  
HIF1A   Up   No  difference  
IGF1   Up   Up  
MCP-­‐1   Up   Up  
PDCD2L   Up   Up  
PERP   Up   Up  
STAT5B   Down   No  difference  
TAF9   Up   No  difference  
TAX1BP1   Down   No  difference  
TNFSF10   Down   Down  
 
Table   5-­‐3   Comparison   of   qRT-­‐PCR   results   with  microarray   data   for   selected   genes.   Gene   expression   was  
assessed   in  high  and   low   shear   stress   regions  of   the  aortic  arch  of   five  pigs  using  Affymetrix  Genome  Array  
analysed  with  GeneSpring  Agilent   software.   The  data  were   then   validated  by  analysing   selected   trans????????
expression   by   qRT-­‐PCR   of   RNA   extracted   from   five   additional   animals.   Genes   induced   in   low   shear   stress  
regions   are   indicated   in   red  while   genes   suppressed   in   low   shear   stress   areas   are   indicated   in   green.   Grey  







Figure  5-­‐6  qRT-­‐PCR  analysis  of  selected  genes  with  a  putative  role  in  apoptosis.  RNA  was  isolated  from  high  
and  low  shear  stress  regions  of  the  porcine  aortic  arch  and  mRNA  levels  of  selected  transcripts  were  quantified  
by   qRT-­‐PCR   using   gene-­‐specific   primers.   Transcripts   expression   was   normalised   by   measuring   B2M   levels.  
Mean   values   were   calculated   from   five   independent   experiments   and   are   shown   with   standard   deviation.  
Unpaired  two-­‐tailed  t-­‐test  was  used  to  assess  statistically  significant  difference  (*  p<0.05,  **  p<0.01).  




? We  developed  a  method  to   isolate  endothelial  cells   from  the  porcine  aorta  combining  
scraping  and  collagenase  digestion.  This  approach  targeted  exclusively  the  endothelium  
layer  and  provided  good  quality  RNA  for  microarray  analysis;  
? The  microarray  analysis  comparing  transcriptome  at  low  and  high  shear  stress  regions  of  
the  porcine   aortic   arch   identified  764   genes  differentially   expressed  between   the   two  
conditions;  
? Functional  annotation  showed  that  the  identified  transcripts  can  be  grouped  in  several  
functional  categories.  56  of  these  genes  might  have  a  putative  role  in  apoptosis;  
? Validation   using   quantitative   RT-­‐PCR   of   RNA   isolated   from   additional   porcine   aortas  
confirmed   that   60%   of   the   genes   under   analysis   were   differentially   expressed   as  
predicted  by  the  microarray  analysis;  
5.4	  Discussion	  
The  aim  of   this  chapter  was   to  study  the  endothelial   transcriptome  at  high  and   low  shear  
stress  regions  of  the  porcine  aortic  arch  in  order  to  identify  novel  flow-­‐dependent  regulators  
of  endothelial  apoptosis  that  might  be  involved  in  the  development  of  atherosclerosis.  
Firstly  the  accuracy  and  quality  of  the  RNA  isolation  method  were  assessed.  Tests  confirmed  
that  the  procedure  targeted  exclusively  endothelial  cells  and  that  the  quality  was  sufficient  
for  microarray   study.  However,   it  was  not  possible   to  achieve  a  RIN   score  above  7.5   thus  
precluding   analysis   of   the   samples   using   high-­‐throughput   sequencing  where   the   required  
RIN  is  >8.  The  inability  of  our  method  to  generate  samples  with  very  high  RIN  scores  could  
be   due   to   RNA   degradation   due   to   long   tissue   harvesting   time   and/or   during   the  
collagenase/scraping   procedure.   The   samples   that   I   generated   showed   sufficient   integrity  
for   microarray   analysis   however   if   higher   quality   RNA   is   required   alternative   isolation  
methods  should  be  considered.  
The  microarray   analysis   identified   764   differentially   expressed   genes,   of  which   494   had  a  
putative   function.   Further   analysis   revealed   that   these   transcripts   could   be   grouped  
according   to   their   functions   into   several   categories   such   as   regulation   of   transcriptional  
activity,  apoptosis,  angiogenesis  and  development.  
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In   a   previous   study   from   Passerini   et   al137   that   compared   endothelial   transcriptome   at  
disturbed   (atherosusceptible)   and   undisturbed   (atheroprotected)   flow   regions   of   the   pig  
aorta,   transcription   and   apoptosis   were   also   found   to   be   activated   by   different   flow  
environments.   Since  my  project   focuses   on   apoptosis,   I   compared  my  putative   regulators  
with  the  differentially  expressed  genes  from  Passerini  et  al137  and  I  found  14%  of  them  to  be  
in   common   between   the   two   studies   (Table   5-­‐4).   It   is   important   to   note   that   my   study  
differed   fundamentally   from  the  study  by  Passerini  et  al137.  Specifically,   they   isolated  RNA  
from   regions   that   have   different   susceptibility   to   the   formation   of   the   atherosclerotic  
plaque  but  my  CFD  analysis  (Chapter  4)  revealed  that  these  areas  are  both  exposed  to  low  
magnitude   of   shear   stress.   Since   I   compared   high   and   low   shear   stress   regions   and   they  
compared   low   and   low/oscillatory   shear   stress   regions,   the   apoptosis   regulators  
differentially  expressed  in  both  studies  might  be  influenced  by  a  variety  of  factors  and  not  
only   by   shear   stress.   However   they  might   play   an   important   role   in   the   development   of  
atherosclerosis   as   their   expression   correlate  with   the   susceptibility   to   the   disease   in   two  
independent   studies.   I   concluded   that   genes   upregulated   at   low   shear   regions   partially  
overlap   with   genes   preferentially   expressed   at   disease-­‐prone   sites.   This   is   not   surprising  
considering   that   the   induction   of   atherosclerosis   is   multi-­‐factorial   and   relies   on   non-­‐
mechanical  as  well  as  mechanical  factors.  
Gene   Ratio  DF/UF  [Passerini  et  al.  2004]   Ratio  LSS/HSS  
MCP-­‐1   1.57   3.15  
LGALS1   1.75   2.18  
HAND2   7.43   3.1  
TWIST1   3.06   6.8  
PEG10   2.77   1.54  
CDH13   0.65   0.25  
c-­‐JUN   0.22   0.53  
CDKN2A   0.31   0.46  
Table   5-­‐4   Comparison   between   putative   apoptosis   regulators   and   published   data   from   Passerini   et   al.  A  
subset  of  genes  involved  in  the  regulation  of  apoptosis  identified  by  my  analysis  was  also  found  in  a  published  
study   by   Passerini   et   al   comparing      endothelial   transcriptome   at   disturbed   (DF)   and   undisturbed   (UF)   flow  




A   different   study   by   Civelek   et   al139   also   analysed   the   endothelial   transcriptome   in  
atherosusceptible   and  atheroprotected  areas   of  porcine  arteries  by  pooling   together  RNA  
from   regions  where  plaques  normally  occur   (like   the   aortic   arch  and   the   renal   branch)  or  
where  plaques  can  rarely  be  found  (like  the  descending  aorta  and  common  carotid  artery).  
In   this   case,   the  number   of   genes   differentially   expressed   (153)  was   considerably   smaller  
than   the  genes   identified  by  my  study   (764)  or  by  Passerini   et  al137   (1048)  and   there  was  
little  similarity  in  functional  analysis  results.  This  could  depend  on  the  heterogeneity  of  the  
RNA  used   for  microarray  analysis   as   it  has  been   shown   that  endothelial   cell   phenotype   is  
variable  within  vessels  and  across  major  vascular   territories   in  porcine  arteries240.  For   this  
reason,   combining   RNA   from   different   arterial   regions   might   have   introduced   great  
variability  thus  explaining  the  small  number  of  genes  consistently  differentially  regulated  at  
disease-­‐prone  sites  identified  by  the  statistical  analysis.  
In   order   to   reduce   factors   of   variability   dependent  on   local   hemodynamics,   I   consistently  
isolated  RNA  from  the  same  regions  of  the  aortic  arch  in  all  the  animals  and  I  confirmed  with  
CFD   analysis   that   these   areas  were   exposed   to   the   same   shear   stress   patterns.   A   similar  
approach  was  applied  to  the  rat  aorta  in  a  study  by  Katare  et  al142.  After  characterizing  local  
hemodynamics   in   the   rat   aortic   arch   using   CFD,   Katare   et   al142   performed   a   microarray  
analysis  comparing  RNA  from  entire  artery  tissue  exposed  to  high  or  low  shear  stress.  Their  
study   identified   781   genes   significantly   altered   that   were   classed   according   to   their  
biological   functions   in   groups   similar   to   those   found   in   my   study,   i.e.   angiogenesis   and  
apoptosis.  In  addition,  Hand2  was  found  to  be  a  major  endothelium-­‐specific  flow-­‐responsive  
transcription   factor  up-­‐regulated  by   low  shear   stress   in  agreement  with  my   finding   (Table  
5-­‐4).  
The  aforementioned  considerations  suggest  that  the  choice  of  sites  for  RNA  isolation  has  a  
strong   influence   on   the   results   of   flow-­‐dependent   transcriptional   analysis   and  my   results  
highlight   the   importance   of   accurate   characterization   of   local   hemodynamics   to   identify  
suitable  regions  for  genomics  study.    
Some  of  the  genes  that  I  identified  have  been  previously  reported  in  similar  studies137,141,142  
while  the  majority  of  them  was  found  to  be  differentially  expressed  in  arteries  for  the  first  
time   and  provided   novel   information   on   flow  effects   on   endothelial   gene   expression.   For  
example,  I  showed  for  the  first  time  that  developmental  genes  were  differentially  expressed  
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at   low  WSS   sites   in   the  aorta.   It  was  also   interesting   to  note   that   some   functional  groups  
usually   correlated   with   low   shear   stress   such   as   proliferation,   immune   response   and  
inflammation   were   only   modestly   enriched.   This   suggested   that   the   two   areas   under  
analysis   had   similar   levels   of   these   processes   or   that   there   was   no   proliferative   or  
inflammatory  activity.  One  possible  explanation  could  be  that  perhaps  inflammation  occurs  
more   in   older   animals   and   in   response   to   higher   cholesterol   diet   thus   explaining   the  
presence   of   inflammatory   genes   in   the   study   from   Passerini   et   al137.   Alternatively,   it   is  
possible   that   inflammation   is   linked  more   tightly   to   atherosusceptibility137   but   loosely   to  
WSS.  
It  is  important  to  stress  that  bioinformatics  tools  used  to  analyse  large  genetics  databases,  
like  DAVID,  are  still  undergoing  development  and  improvement,  without  a  unified  method  
??? ??????? ?????????? ?????? ?????? ??????? ???????? ???????????? ????-­‐mining   guidance   rather  
than   a   pure   statistical   solution.   The   input   of   personal   bio-­‐knowledge   and   experience   is  
necessary  to  draw  more  meaningful  conclusions.    
In   this   study,   DAVID   functional   analysis   confirmed   the   presence   of   differential   apoptosis  
activity   at   low   and   high   shear   stress   sites   further   supporting   our   initial   hypothesis.   A  
selection  of  genes  with  a  putative  role  in  the  regulation  of  apoptosis  underwent  additional  
analysis   to   validate   the  microarray   data   using   qRT-­‐PCR.   The  majority   (60%)   of   the   genes  
under   investigation  were   confirmed   to   be   differentially   expressed   between   high   and   low  
shear   stress   regions.   The  other   genes   showed  high   interanimal   variability   that   resulted   in  
non-­‐statistically   significant   difference   between   the   samples.   It   seems   likely   that   this  
variability  might  be  due  to  genetic  differences  and  not  dependent  on  local  hemodynamics.  
From  my   transcriptome   analysis   it   can   be   concluded   that   there   seem   to   be   a   direct   link  
between  shear  stress  and  endothelial  apoptosis  as  several  genes  involved  in  the  regulation  
of   apoptosis   were   differentially   expressed   under   different   hemodynamic   conditions.   I  
further   investigated   the   function   of   some   of   these   transcripts   by   assessing  whether   they  
respond   to   flow   in   cultured   conditions   and   by   conducting   functional   studies   using   gene  
silencing  (see  Chapter  6).  
  
	  Chapter	  6 The	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at	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6.1	  Introduction	  
The  CFD  analysis  of  blood  flow  in  porcine  arteries  allowed  us  to  identify  regions  of  the  aorta  
exposed  to  different  shear  stress  patterns  (Chapter  4).  I  performed  a  microarray  analysis  to  
investigate   the   transcriptional   differences   at   low  and  high   shear   stress   areas  of   the   aorta  
(Chapter   5).  My   genomics   analysis   followed   by   technical   validation   identified   known   and  
novel  putative   regulators  of  endothelial  apoptosis.      In  order   to   investigate   the   function  of  
these  molecules,  I  translated  my  work  in  vitro  to  assess  their  ability  to  regulate  apoptosis  in  
EC  exposed  to  shear  stress.  To  prioritize  molecules  for  functional  analysis,  I  identified  those  
that  responded  to  flow  in  culture  conditions.  The  first  step  was  to  test  the  hypothesis  that  
genes  enriched  at   susceptible   sites   in   vivo   could  also  be   induced  by   low,  oscillatory   shear  
stress  in  cultured  EC.  Similarly,  I  examined  whether  transcripts  enriched  at  protected  sites  in  
vivo  could  be  induced  by  high,  unidirectional  shear  stress   in  vitro.  Subsequently,   I  selected  
two   genes   upregulated   by   low,   oscillatory   shear   stress,   both   in   vivo   and   in   vitro,   and   I  
assessed  their  role  in  flow-­‐induced  endothelial  apoptosis.  
Numerous   in   vitro   studies   have   investigated   the   effects   of   flow   conditions   on   endothelial  
responses113,123,134.  Different  systems  can  be  used  to  reproduce  physiological   flow   in  vitro.  
One   prevalent   apparatus   is   the   orbital   shaker   system   that   has   the   major   advantage   of  
producing   oscillatory   flow   similar   to   the   pulsatile   flow   in   human   arteries117,169,170.   Here,   I  
employed  the  orbital  shaker  system  to  investigate  the  direct  link  between  shear  stress  and  
endothelial   apoptosis   and   to   validate   the   findings   of   the   in   vivo   analysis.   A   second   flow  
system,   the   ibidi   Pump,   was   also   used   to   confirm   the   results   obtained   with   the   orbital  
shaker.  The  differences  between  the  two  systems,  and  the  findings  obtained  with  them,  are  
discussed  at  the  end  of  this  chapter.  	  






6.2.1	  Regulations	  of	  genes	  by	  flow	  using	  the	  orbital	  shaker	  
In  order  to  assess  whether  the  expression  of  selected  transcripts  was  influenced  by  flow   in  
vitro,  I  exposed  EC  to  different  flow  conditions  using  the  orbital  shaker  system.  This  system  
creates  different  shear  stress  patterns  in  the  centre  (low  WSS)  and  periphery  (high  WSS)  of  
the   culture   well   as   described   in   section   2.5.4.   Since   this   system   has   not   been   previously  
employed  to  investigate  flow-­‐induced  apoptosis,  I  assessed  its  validity  by  analysing  its  ability  
to  influence  aspects  of  EC  physiology.  
Validation  of  an  orbital  shaker  system  to  study  endothelial  responses  to  shear  stress  
It   is  well   established   that   shear   stress   can  alter   the  morphology  of   EC,  which  align   in   the  
direction   of   the   flow117,123.   Therefore,   in   order   to   validate   the   orbital   shaker   system,   I  
assessed  its  effects  on  EC  morphology.  
Exposure   to   flow   using   the   orbital   shaker   system   altered   the   morphology   of   cultured  
HUVECs   and   PAECs   (Figure   6-­‐1).   In   the   periphery   of   the   well,   cells   were   elongated   and  
aligned  in  the  direction  of  the  flow  (Figure  6-­‐1),  thus  appearing  similar  to  cells  exposed  to  
unidirectional  high  shear  stress.  By  contrast,  cells  in  the  central  region  exhibited  a  rounded  
shape  and  were  not  aligned  (Figure  6-­‐1),  similarly  to  cells  exposed  to  low,  oscillatory  shear  
stress.   I   also   observed   a   transition   region   between   the   centre   and   periphery   of   the   well  
where   cells   did   not   show   distinctive   features   (data   not   shown).   Since   my   subsequent  
experiments   required   ECs   to   be   cultured   on   glass   coverslips   or   on   plastic   plates,   I   tested  
different   substrates   in  my   preliminary   experiments.   Both   HUVECs   and   PAECs   cultured   on  
glass  coverslips  and  plastic  showed  the  same  morphological  changes  in  response  to  orbital  
shaking,  suggesting  that  the  different  endothelial  type  or  culture  substrate  did  not  alter  the  
effects  of  shear  stress  on  cultured  cells  (Figure  6-­‐1  and  data  not  shown).  
In  addition  to  studying  EC  morphology,  I  used  real  time-­‐PCR  to  examine  whether  central  and  
peripheral   ECs   express   different   levels   of   transcripts   known   to   be   involved   in   the   shear-­‐
dependent   endothelial   response.   I   selected   p21,   eNOS   and   E-­‐selectin   as   they   have   been  
shown   to   respond   to   different   flow   patterns108,113,241.   My   analysis   showed   that   p21   and  
eNOS  transcript  levels  were  significantly  higher  in  HUVECs  at  the  periphery  compared  to  the  
centre  of  the  well  (Figure  6-­‐2),  hence  their  expression  was  induced  by  higher,  unidirectional  





shear  stress.  On  the  contrary  E-­‐selection  mRNA  expression  was  significantly  increased  in  the  
centre   of   the   well   compared   to   the   periphery,   thus   suggesting   an   induction   due   to   low,  
oscillatory   shear   stress   (Figure   6-­‐2).   These   findings   agreed   with   published   data   on   the  
induction  of  p21,  eNOS  and  E-­‐selectin  by  different  shear  stress  conditions108,113,241.  
Next,  I  examined  whether  different  flow  conditions  created  by  the  orbital  shaker  system  can  
influence  endothelial  cell  death  by  assessing  caspase-­‐3  activation  and  DNA  fragmentation,  a  
marker  of  apoptosis,  in  ECs  cultured  in  6-­‐well  plates  and  exposed  to  orbital  motion.    
Immunostaining  using  an  antibody  that  recognizes  the  cleaved,  activated  form  of  caspase-­‐3  
revealed  that  orbital  shaking   led  to   increased  caspase-­‐3  activation   in  cells  at  the  centre  of  
the  well   and   reduced   activity   in   cells   in   the   periphery   compared   to   static   control   (Figure  
6-­‐3).  This  analysis  was  carried  on   in  both  PAECs   (Figure  6-­‐3,  A  and  B)  and  HUVECs   (Figure  
6-­‐3,  C,  Immunostaining  not  shown).  Endothelial  apoptosis  was  further  assessed  by  detecting  
DNA   fragmentation   by   TUNEL   staining.  A   higher   percentage   of   TUNEL-­‐positive   nuclei  was  
found  in  the  centre  compared  to  the  periphery  of  the  culture  (Figure  6-­‐4).  This  result  was  in  
accordance   with   increased   caspase-­‐3   activation   in   the   centre   of   the   well   and   it   further  
supported  my   hypothesis   that   disturbed   flow   associated   with   low   shear   stress   enhances  
endothelial  cell  apoptosis,  while  higher  unidirectional  shear  stress  suppresses  it.    
The  aforementioned  considerations  confirmed  that  the  orbital  shaker  was  a  valid  system  to  
create  different  shear  stress  conditions  and  study  flow-­‐induced  apoptosis;  therefore,  it  was  
subsequently  employed  for  functional  analysis  of  selected  transcripts  in  vitro.  
	  	  






Figure  6-­‐1  Morphological  changes  induced  in  cultured  EC  by  exposure  to  orbital  shear  stress.  HUVECs  were  
cultured  on  fibronectin-­‐coated  6-­‐well  plates  and  exposed  to  orbital  shear  stress  (210  rpm)  for  3  days.  (Upper  
panel)  Diagram  of   the   location   of   the   central   and  peripheral   regions   of   the   culture  well.   (Lower   panel)   The  
morphology   of   cells   at   the   centre   and   periphery   of   the   well  was   assessed   by   light  microscopy.   Images   are  
representative  of  6  independent  experiments  that  gave  closely  similar  results.  Original  magnification,  x100.  






Figure   6-­‐2   Selected   transcript   expression   in   HUVECs   exposed   to   orbital   shaking   or   cultured   under   static  
conditions.   HUVECs   were   cultured   on   fibronectin-­‐coated   6-­‐well   plates   and   either   exposed   to   orbital   shear  
stress  for  3  days  or  cultured  under  static  conditions  as  a  control.  Transcript  levels  of  p21,  eNOS  and  E-­‐selectin  
were   quantified   in   cells   in   the   centre   or   the   periphery   of   each  well   using   real-­‐time   PCR   and   normalized   by  
measuring  B2M  mRNA  levels.  Data  were  pooled  from  4  independent  experiments  and  mean  values  (±SDs)  are  
shown.  (*p<0.05,  ***p<0.001,  unpaired  two-­‐tailed  t-­‐test).    






Figure  6-­‐3  Caspase-­‐3  activation  was  enhanced  by  low,  oscillatory  shear  stress  in  the  centre  and  suppressed  
by  high,  unidirectional  shear  stress  in  the  periphery  of  the  culture  well.  PAECs  (A  and  B)  and  HUVECs  (C)  were  
cultured  on   fibronectin-­‐coated  glass   coverslips   inside   6-­‐well   plates   and  exposed   to  orbital   shear   stress   (210  
rpm)  or  static  conditions   for  3  days.  Caspase-­‐3  activation  was  measured  at  central  and  peripheral  regions  of  
the  well  by  immunostaining  using  antibodies  that  recognize  cleaved  caspase-­‐3  and  Alexa  fluor  488-­‐conjugated  
secondary   antibodies   (green).   EC   nuclei   were   detected   by   counterstaining   (TOPRO-­‐3,   purple).   Fluorescence  
was  analysed  by  confocal  laser-­‐scanning  microscopy  and  the  percentage  of  positive  cells  was  calculated  in  five  
fields  of  view  per  flow  condition  in  each  experiment.  Representative  images  and  the  proportion  of  caspase-­‐3  
positive  cells   from  multiple  experiments   (n=3)  are   shown.   (Mean  values  ±  SDs;*  p<0.05,  **p<0.01,  unpaired  
two-­‐tailed  t-­‐test).  






Figure   6-­‐4   Orbital   shear   stress   increased   the   DNA   fragmentation   in   cells   positioned   in   the   centre   of   the  
culture  well.  DNA  fragmentation   in  HUVECs  exposed  to  orbital  shear  stress   for   three  days  was  measured  by  
TUNEL   staining   followed  by   laser-­‐scanning   confocal  microscopy.  EC  nuclei  were  detected  by  counterstaining  
(TOPRO-­‐3,   purple).   Apoptotic   EC,   characterized   by   TUNEL   staining   colocalized   with   pyknotic   or   fragmented  
nuclei,  were  quantified  in  five  fields  of  view  per  flow  condition.    Representative  images  (A)  and  the  proportion  
of  TUNEL  positive  cells  (B)  from  multiple  experiments  (n=3)  are  shown.  (Mean  values  ±  SDs;**p<0.01;  unpaired  
two-­‐tailed  t-­‐test).  
     






The  next  step  of  the  analysis  was  to  employ  the  orbital  shaker  system  to  determine  whether  
selected  apoptosis-­‐related  transcripts  were  regulated  by  flow  in  culture  conditions.    
The   microarray   analysis   (Chapter   5)   identified   several   molecules   with   a   putative   role   in  
apoptosis;   a   subset  of   13   transcripts  was   selected   for   in   vitro   analysis   based   on   the   fold-­‐
change   measured   by   microarray   analysis   and   the   validation   using   qRT-­‐PCR   (Chapter   5).  
Experiments   using   cultured   PAECs   exposed   to   orbital   shaking   for   three   days   showed   that  
70%   (9/13)   of   the   transcripts   were   differentially   expressed   between   the   centre   and  
periphery  of   the  culture  well   thus  suggesting  a   flow-­‐dependent   regulation   (Figure  6-­‐5).  Of  
these   nine   transcripts,   six   (c-­‐JUN,   MCP-­‐1,   PERP,   ANGPTL4,   STAT5B,   PDCD2L)   showed   an  
expression   pattern   that   was   consistent   with   in   vivo   observation.   (Figure   6-­‐5)   The   other  
molecules   (IGF-­‐1,   LGALS1   and   CDKN2A1P)   presented   expression   patterns   that   were  
inconsistent   with   the   microarray   data   (Figure   6-­‐5).   For   example,   the   microarray   analysis  
showed  that  IGF-­‐1  mRNA  levels  were  increased  in  regions  exposed  to  low,  oscillatory  shear  
stress   while   IGF-­‐1   mRNA   was   increased   in   the   periphery   of   the   culture   well   exposed   to  
orbital  shaking,  hence  it  was  upregulated  by  higher,  unidirectional  shear  stress.    
This   analysis   confirmed   that   46%  of   the  molecules   under   investigation  were   regulated  by  
flow   as   revealed   by   the   microarray   analysis   presented   in   Chapter   5.   In   order   to   further  
support  this  finding,  I  carried  out  a  similar  qRT-­‐PCR  analysis  on  PAECs  exposed  to  different  
flow  patterns  using  another  in  vitro  flow  system:  the  ibidi  Pump  (section  2.5.4).  
     




147	   	  






Figure   6-­‐5  Orbital   shaking   influenced   the   expression   of   selected   genes  with   a   putative   role   in   apoptosis.  
PAECs  were  cultured  in  6-­‐well  plates  and  exposed  to  orbital  shaking  (210  rpm)  for  three  days  then  RNA  was  
isolated  from  the  centre  and  the  periphery  of  the  culture  well.  Transcripts  levels  were  quantified  by  qRT-­‐PCR  
using  gene-­‐specific  primers  and  normalised  by  measuring  B2M  levels.  Mean  values  were  calculated  from  five  
independent   experiments   and   are   shown   with   standard   deviation.   Unpaired   two-­‐tailed   t-­‐test   was   used   to  
assess  statistically  significant  difference  (*  p<0.05,  **  p<0.01).  
	   	  





6.2.2	  Regulation	  of	  genes	  by	  flow	  using	  the	  ibidi	  Pump	  system	  
High,  unidirectional  or  low,  oscillatory  shear  stress  was  created  with  the  ibidi  Pump  system  
and  applied  to  PAECs  cultured  on  microslides  for  three  days  in  order  to  analyse  the  effects  
of   these   conditions   on   the   mRNA   expression   of   selected   genes   identified   by   microarray  
analysis.  The  details  on  the  shear  stress  profiles  generated  by  the  ibidi  pump  can  be  found  in  
section  2.5.4;  the  shear  stress  was  derived  from  the  local  flow  velocity  calculated  assuming  
flow  in  a  pipe  with  rectangular  flow  section242.    
Independent  quantitative  RT-­‐PCR  experiments  confirmed  that  44%  (4/9)  of  the  molecules  of  
interest   were   differentially   expressed   by   the   different   flow   patterns   (Figure   6-­‐6).  MCP-­‐1,  
PERP  and  PDCD2L  were  up-­‐regulated  by  low,  oscillatory  shear  stress,  whereas  c-­‐JUN  showed  
the  opposite  pattern  (Figure  6-­‐6).  These  findings  further  supported  the  hypothesis  that  flow  
plays  an  important  role  in  the  regulation  of  these  molecules  (Table  6-­‐1).    
In  summary,  my  genomics  analysis  followed  by  technical  validation  identified  56  molecules  
that  have  putative   roles   in   apoptosis.   I   selected  a   sub-­‐set  of   13   genes   that   showed  more  
than  a  two-­‐fold  change  between  the  shear  stress  conditions  for  in  vitro  analysis  to  establish  
whether   they   responded   to   flow   in   culture   conditions.   Four   transcripts  were   found   to  be  
regulated  by  shear  stress  in  endothelial  cells  exposed  to  flow  in  two  different  systems,  the  
orbital  shaker  and  the  ibidi  Pump.  Two  of  these  genes  (PDCD2L  and  PERP)  were  the  subjects  
of  follow-­‐up  studies  to  examine  whether  they  were  required  for  the  induction  of  apoptosis  
by  low,  oscillatory  shear  stress.    	  	  













Figure  6-­‐6  Selected  transcripts  expression  in  endothelial  cells  exposed  to  different  flow  patterns  in  the  ibidi  
pump  system.  PAECs  were  grown  on  microslides  and  exposed  to  different  flow  patterns  for  three  days.    Low,  
oscillatory   shear   stress   (LOSS)   was   set   at   4   dyne/cm2   with   oscillation   frequency   equal   to   1Hz,   while   high  
unidirectional   shear   stress   (HSS)   was   set   at   20   dyne/cm2   with   no   oscillation.   RNA   was   isolated   from   the  
microslides  after  flow  exposure  and  transcripts  levels  were  quantified  by  qRT-­‐PCR  using  gene-­‐specific  primers  
and  normalised  by  measuring  B2M  levels.  Mean  values  were  calculated  from  5  independent  experiments  and  
are  shown  with  standard  deviation.  Statistically  significant  difference  was  assessed  by  unpaired  two-­‐tailed  t-­‐
test.  (*  p<0.05,  **  p<0.01).  
	   	  





Gene   In  vivo   Orbital  shaker   Ibidi  system  
FADD           
c-­‐JUN           
MCP-­‐1           
IGF-­‐1           
PERP           
TAX1BP1           
ANGPTL4         N.T.  
STAT5B         N.T.  
PDCD2L           
TNIP1         N.T.  
HIF-­‐1A           
LGALS1         N.T.  
CDKN2A1P         N.T.  
  
LEGEND  
   Increased  expression  in  low  WSS  area  
   Increased  expression  in  high  WSS  area  
   Unaltered  
N.T.   Not  tested  
Table  6-­‐1  Comparison  of  microarray  results  with  mRNA  levels  in  ECs  exposed  to  flow  in  two   in  vitro  systems  
for   selected  genes.     A   summary  of  microarray  data  and  qRT-­‐PCR   for  RNA  extracted   from  PAECs  exposed   to  
flow  in  the  orbital  shaker  and  ibidi  system  is  shown.  Red  shows  induction  by  low,  oscillatory  shear  stress  and  
green  by  high,  unidirectional  shear  stress.  Grey  indicates  not  significant  difference  and  N.T.,  not  tested.  	   	  





6.2.3	  Regulation	  of	  PDCD2L	  by	  flow	  
The   functional   analysis   of   the   selected   transcripts   was   carried   out   in   HUVECs   as   they  
presented   two   important   advantages   compared   to   PAECs.   Firstly   they   could   be   easily  
genetically   manipulated   by   transfection   with   siRNA.   Secondly,   several   antibodies   were  
available   for   studying  human  protein   induction,  while   there  were   fewer   antibodies   raised  
against  porcine  proteins.  This  decision  was  further  supported  by  the  difficulty  of  achieving  a  
significant  PERP  knock-­‐down  by  siRNA  transfection  in  cultured  PAECs  (Appendix  2).  
Since  qRT-­‐PCR  experiments  using   in   vitro   flow   systems  were   all   carried  out   thus   far   using  
PAECs,   I  assessed  whether  HUVECs  presented  a  similar  pattern  of   flow-­‐dependent  protein  
induction.  
ECs  were  exposed   to  different   flow  patterns  using   two  different   flow   systems,   the  orbital  
shaker  and  the  ibidi  Pump  system.  In  the  orbital  system,  PDCD2L  was  significantly  higher  in  
HUVECs  in  the  centre  compared  to  the  periphery  of  the  culture  well  (Figure  6-­‐7)  suggesting  
an   induction   by   low,   oscillatory   shear   stress.  However   there  was   just   a  modest   induction  
that   did   not   reach   statistical   significance   when   compared   to   HUVECs   cultured   in   static  
conditions  (Figure  6-­‐7).  In  the  Ibidi  system,  PDCD2L  levels  in  HUVECs  exposed  to  low  or  low  
oscillatory   expression   were   increased   compared   to   HUVECs   exposed   to   high   shear   stress  
(Figure  6-­‐8).  However  there  was  high  variability  across  the  experiments  and  the  difference  
was  not   statistically   significant   (Figure  6-­‐8).  This   finding  did  not   replicate   the   result  of   the  
ibidi  analysis  in  PAECs  (Figure  6-­‐6).  
     






Figure  6-­‐7  Orbital   shear   stress   influenced  PDCD2L  mRNA  expression   in  HUVECs.  HUVECs  were   cultured  on  
fibronectin-­‐coated  6-­‐well  plates  and  either  exposed  to  orbital  shear  stress  for  3  days  or  cultured  under  static  
conditions  as  a  control.  Quantitative  RT-­‐PCR  analysis  was  carried  on  to  quantify  mRNA  expression  of  PDCD2L  in  
cells  in  the  centre  or  the  periphery  of  each  well.  Transcript  levels  were  normalised  by  measuring  B2M  mRNA  
expression.  Data  were  pooled  from  3  independent  experiments  and  mean  values  (±SDs)  are  shown.  (*p<0.05,  
ns=  not  significant,  unpaired  two-­‐tailed  t-­‐test).  
	  
Figure  6-­‐8  Low  shear  stress  did  not  significantly  induce  PDCD2L  expression  in  HUVECs  exposed  to  flow  using  
the   ibidi   Pump   system.   HUVECs   were   grown   in   microslides   and   exposed   to   different   flow   patterns:   low,  
oscillatory   shear   stress   (LOSS,   4   dyne/cm2   and   oscillation   frequency   at   1Hz),   low   shear   stress   (LSS,  
unidirectional  at  4  dyne/cm2)  and  high  shear  stress  (HSS,  unidirectional  at  20  dyne/cm2).  PDCD2L  expression  
was   quantified   by   RT-­‐PCR   and   normalised   by   measuring   B2M   mRNA   levels.   Mean   values   with   standard  
deviation  from  3  independent  experiments  are  shown  (ns=  not  significant,  unpaired  two-­‐tailed  t-­‐test).  
	   	  





6.2.4	  Silencing	  PDCD2L	  in	  the	  orbital	  shaker	  system	  
Transcript  expression  analysis   revealed   that  PDCD2L  was  differentially  expressed  between  
the  centre  and  the  periphery  of  the  culture  well  in  ECs  exposed  to  orbital  shaking  for  three  
days  (Figure  6-­‐7).    Since  PDCD2L  levels  were  not  significantly  different  in  HUVECs  exposed  to  
different   flow   patterns   in   the   ibidi   system,   I   employed   the   orbital   shaker   as   an   in   vitro  
system  of  flow-­‐induced  apoptosis  for  the  functional  analysis  of  the  selected  transcript.  
PDCD2L   was   knocked   down   in   cultured   HUVECs   by   transfection   with   siRNA   using  
electroporation.  This  technique  achieved  a  consistent  90%  reduction  in  PDCD2L  mRNA  levels  
between  samples  transfected  with  PDCD2L  or  scramble  siRNA  across  all  experiments  (Figure  
6-­‐9).  
After  suppression  of  PDCD2L  expression,  HUVECs  were  exposed  to  orbital  shaking  for  three  
days  then  caspase-­‐3  activation  was  analysed  to  investigate  potential  effects  of  the  silencing  
on   flow-­‐induced   endothelial   apoptosis.   My   analysis   showed   that   the   percentage   of   cells  
expressing   active   caspase-­‐3   was   similar   between   samples   transfected   with   PDCD2L   or  
scramble  siRNA  (Figure  6-­‐10).  This  suggested  that  PDCD2L  knock  down  did  not  play  a  major  
role  in  flow-­‐induced  caspase-­‐3  activation.  
Since  the  flow-­‐induced  PERP  induction  showed  high  variability  in  both  the  orbital  shaker  and  
the   ibidi   system   and   caspase-­‐3   analysis   did   not   support   the   hypothesis   of   a   significant  
contribution   of   PDCD2L   in   endothelial   apoptosis,   I   decided   to   not   pursue   this   analysis  
further  also  considering  the  limited  time  available.  
  
  






Figure  6-­‐9  siRNA  transfection  achieved  significant  PDCD2L  mRNA  reduction  in  HUVECs.  ECs  were  transfected  
with   PDCD2L   siRNA   by   electroporation   (100nM   concentration).   HUVECs   were   cultured   for   24h   after   the  
transfection  then  exposed  to  orbital  shaking  for  three  days.  mRNA  levels  of  PDCD2L  transcripts  were  assessed  
by   qRT-­‐PCR   and   normalised   by  measuring   B2M   levels.  Mean   values   (±SD)   were   determined   from   triplicate  
measurements  and  data  were  pooled  from  5  independent  experiments.  	  






Figure  6-­‐10  Caspase-­‐3  activation  was  not  influenced  by  PDCD2L  silencing  in  HUVECs  exposed  to  orbital  shear  
stress.  HUVECs  were  transfected  by  PDCD2L  or  scramble  siRNA  and  exposed  to  orbital  shaking  (210  rpm)  for  
three   days.   (A)   Caspase-­‐3   activation  was  measured   by   immunostaining   at   central   and   peripheral   (data   not  
show)   regions   of   the   well   by   using   cleaved   caspase-­‐3   antibody   and   Alexa   fluor   488-­‐conjugated   secondary  
antibodies   (green).   EC   nuclei   were   detected   by   counterstaining   (TOPRO-­‐3,   purple)   and   fluorescence   was  
analysed  by  confocal   laser-­‐scanning  microscopy  (40x  magnification).   (B)  The  percentage  of  positive  cells  was  
calculated   in   five   fields   of   view   per   region   in   each   experiment.   Mean   values   were   calculated   from   four  
independent  experiments  and  are  shown  with  standard  deviations.  Two-­‐way  ANOVA  was  used  to  assess  the  
influence  of  two  independent  factors  (PDCD2L  silencing  and  shear  stress)  on  caspase-­‐3  activation.  The  p-­‐values  
resulting  from  the  analysis  are  shown.  	   	  





6.2.5	  Regulation	  of	  PERP	  by	  flow	  	  
PERP  was  the  other  transcript  selected  for  functional  analysis  (section  6.2.2).  The  first  step  
was  to  confirm  that  PERP  was  induced  by  low,  oscillatory  shear  stress  in  vitro  in  HUVECs  (as  
these  cells  were  suitable  for  siRNA  studies).  
PERP  mRNA  levels  were  higher   in  the  centre  of  the  well  where  HUVECs  were  cultured  and  
exposed   to   orbital   shaking   for   three   days   (Figure   6-­‐11).   The   periphery   of   the   well   and  
HUVECs  cultured  in  static  conditions  expressed  lower  levels  of  PERP  transcript  (Figure  6-­‐11)  
thus   suggesting   an   induction   by   low,   oscillatory   shear   stress.   In   addition,   HUVECs   were  
exposed   to   different   flow   patterns   using   the   ibidi   Pump   system.   PERP  mRNA   levels  were  
significantly  increased  by  low,  oscillatory  shear  stress  compared  to  high,  unidirectional  shear  
stress  (Figure  6-­‐12).  However  low,  unidirectional  shear  stress  induced  PERP  expression  with  
high   variability   across   the   experiments   hence   the   increase  was   not   statistically   significant  
(Figure  6-­‐12).  These  findings  confirmed  that  PERP  mRNA  levels  were  induced  in  vitro  by  low,  
oscillatory  shear  stress  in  HUVECs  as  well  as  in  PAECs.    
Since   the   orbital   shaker   had   proved   to   be   a   valid   system   to   study   flow-­‐dependent   PERP  
mRNA   induction,   I   also   employed   it   to   analyse   PERP   protein   levels   by   immunostaining   in  
HUVECs  exposed  to  orbital   shaking   for   three  days.  A  higher  number  of  PERP-­‐positive  cells  
were   found   in   the   centre   compared   to   the   periphery   of   the   culture   (Figure   6-­‐13,   A).   The  
staining   with   PERP   antibody   was   specific   as   irrelevant   antibodies   (rabbit   IgG)   showed  
negligible   background   staining   (Figure   6-­‐13,   B).   These   results   suggest   that   low,   oscillatory  
shear  stress  induces  PERP  expression  at  both  mRNA  and  protein  levels.    
  
     






Figure   6-­‐11   Orbital   shear   stress   influenced   PERP   transcript   expression   in   cultured   HUVEC.   HUVECs   were  
cultured  on  fibronectin-­‐coated  6-­‐well  plates  and  either  exposed  to  orbital  shear  stress  for  3  days  or  cultured  
under   static   conditions   as   a   control.   Transcripts   levels  of   PERP  were  quantified   in   cells   in   the   centre  or   the  
periphery  of  each  well  using  real-­‐time  PCR  and  normalized  by  measuring  B2M  mRNA  levels.  Data  were  pooled  
from  3  independent  experiments  and  mean  values  (±SDs)  are  shown.  (*p<0.05,  **p<0.01,  unpaired  two-­‐tailed  
t-­‐test).  	  
	  
Figure  6-­‐12  Low,  oscillatory  shear  stress  promoted  PERP  mRNA  expression  in  HUVEC.  HUVECs  were  grown  in  
microslides   and   exposed   to   different   flow   patterns:   low,   oscillatory   shear   stress   (LOSS,   4   dyne/cm2   and  
oscillation  frequency  at  1Hz),  low  shear  stress  (LSS,  unidirectional  at  4  dyne/cm2)  and  high  shear  stress  (HSS,  
unidirectional  at  20  dyne/cm2).  mRNA  was  isolated  after   flow  exposure,  PERP  levels  were  quantified  by  qRT-­‐
PCR   and   normalised   by   measuring   B2M   mRNA   levels.   Mean   values   with   standard   deviation   from   3  
independent  experiments  are  shown  (  **p<0.01,  unpaired  two-­‐tailed  t-­‐test).  	   	  






Figure  6-­‐13  PERP  protein   levels  were   increased   in  HUVECs  exposed  to   low,  oscillatory  orbital  shear  stress.  
PERP  protein   levels  were  measured  by   immunostaining  at   the  central  and  peripheral   regions  of   fibronectin-­‐
coated  glass  coverslips  placed  inside  6-­‐well  plates  where  HUVECs  were  cultured  and  exposed  to  orbital  shear  
stress  (210  rpm)  for  3  days.  (A)  Endothelial  cells  were  stained  with  an  antibody  for  human  PERP  protein  and  
Alexa  fluor  488-­‐conjugated  secondary  antibody  (green).  (B)  Alternatively,  cells  were  incubated  with  irrelevant  
antibodies   as   a   control   for  non-­‐specific   staining   (rabbit   IgG).   In   addition,  CD31  antibody  was  used   to  define  
endothelial   cells   boundaries   in   combination   with   Alexa   fluor   568-­‐conjugated   secondary   antibody   (red).   EC  
nuclei   were   detected   by   counterstaining   (TOPRO-­‐3,   purple).   Fluorescence   was   analysed   by   confocal   laser-­‐
scanning   microscopy.   In   order   to   calibrate   the   fluorescence   intensity   between   different   experiments,   the  
isotype  control  sample  was  imaged  first  and  the  microscope  features  were  set  so  that  there  was  no  signal  in  
the  relevant  channel  (e.g.  green).  The  same  settings  were  then  used  to  image  the  other  samples.  This  method  
ensured  that  the  staining  highlighted  by  the  green  fluorescence  was  representative  of  proteins  presence  and  
not  an  image  artefact.  Representative  images  from  multiple  experiments  (n=3)  are  shown.  Scale  bar  (bottom  
right)  shows  50?m.  	   	  





6.2.6	  Silencing	  PERP	  in	  the	  orbital	  shaker	  system	  
After  confirming  the  influence  of   low,  oscillatory  shear  stress  on  the  expression  of  PERP  in  
cultured   ECs,   I   employed   gene   silencing   to   determine   the   role   of   PERP   in   flow-­‐induced  
apoptosis.   Firstly,   I   observed   that   treatment   of   HUVECs   by   electroporation   with   a   siRNA  
designed  to  target  PERP  led  to  a  reduction  of  PERP  mRNA  expression  of  84%  (Figure  6-­‐14)  
consistently  across  all  the  independent  experiments.  
In   order   to   assess   whether   there   was   a   link   between   flow-­‐induced   apoptosis   and   PERP  
expression,  I  analysed  caspase-­‐3  activation  in  EC  exposed  to  orbital  shaking  and  transfected  
with   PERP   siRNA.   Two-­‐way   ANOVA   test   examined   the   influence   of   both   shear   stress   and  
gene   silencing   on   caspase-­‐3   activation   and   it   revealed   a   significant   contribution   of   both  
variables   (Figure  6-­‐15).  This  result  suggested  that  PERP  mRNA  silencing  reduced  caspase-­‐3  
activation  in  HUVECs  exposed  to  low,  oscillatory  shear  stress.  
In  order   to   increase   the  accuracy  of  quantitation,   I   extended   the   investigation   to   a   larger  
population  of  cells  by  using  flow  cytometry  as  the  analysis  of  immunofluorescent  staining  is  
confined  to  a  limited  number  of  fields  of  view.  Cells  in  the  central  region  of  the  well  exposed  
to  orbital  shaking  were  isolated,  permeabilised  and  then  stained  for  cleaved  caspase-­‐3  and  
analysed   by   flow   cytometry   to   count   the   number   of   positive   events.   The   percentage   of  
caspase-­‐3  positive  cells  identified  by  flow  cytometry  was  lower  than  in  the  immunostaining  
analysis   (Figure   6-­‐15   and   Figure   6-­‐16),   probably   due   to   the   significantly   larger   number   of  
cells  under  analysis.  The  region  of  EC  isolation  was  extended  compared  to  the  region  under  
investigation  with  confocal  microscopy  in  order  to  achieve  a  significant  cell  count  (10,000).  
Although  there  was  a  reduction  of  positive  events  in  cells  transfected  by  PERP  siRNA  (Figure  
6-­‐16),  this  difference  did  not  reach  statistical  significance  (p=0.08).    
Endothelial  apoptosis  was  further  analysed  by  assessing  the  presence  of  DNA  fragmentation  
by   TUNEL   staining.   Again,   PERP   was   silenced   in   HUVECs   exposed   to   three   days   orbital  
shaking   using   electroporation   and   siRNA   prior   to   TUNEL   analysis.   Two-­‐way   ANOVA   test  
assessed  the  influence  of  both  flow  patterns  and  PERP  silencing  on  the  percentage  of  TUNEL  
positive  cells.  Shear  stress  was  found  to  have  a  highly  statistically  significant  effect  on  DNA  
fragmentation  (Figure  6-­‐17)  while  the  contribution  of  PERP  silencing  did  not  reach  statistical  
significance  (p=0.09).  





Since  the  levels  of  flow-­‐induced  caspase-­‐3  activation  and  DNA  fragmentation  were  relatively  
low,  I  decided  to  assess  the  role  of  PERP  in  regulating  apoptosis   in   injurious  conditions  i.e.  
by   exposing   HUVECs   to   serum   starvation   for   five   hours   after   orbital   shaking.   Then   I  
investigated   whether   PERP   suppression   conferred   protection   against   the   combination   of  
flow   and   serum   starvation-­‐induced   apoptosis.   In   this   case,   caspase-­‐3   activation   was  
significantly  increased  in  both  the  central  and  peripheral  regions  of  the  well  in  cells  exposed  
to  serum  starvation  compared  to  control  (Figure  6-­‐18).  However  the  difference  in  caspase-­‐3  
expression  between  HUVECs   transfected  with  PERP  or  with  scramble  siRNA  was  negligible  
(Figure  6-­‐15)  and  it  was  not  statistically  significant  (Figure  6-­‐18).  	  
	  
Figure  6-­‐14  Significant  PERP  mRNA  reduction  was  achieved  by  siRNA  transfection.  HUVECs  were  transfected  
with  specific  PERP  siRNA  by  electroporation.  ECs  were  cultured  for  24h  after  transfection  then  exposed  to  flow  
for   three   days   with   the   orbital   shaker   before   mRNA   analysis.   Expression   levels   of   PERP   transcript   were  
assessed   by   qRT-­‐PCR   and   were   normalised   by   measuring   B2M   mRNA   levels.   Mean   values   (±SD)   were  
determined  from  triplicate  measurements  and  data  were  pooled  from  16  independent  experiments.  	   	  






Figure  6-­‐15  PERP  silencing  reduced  caspase-­‐3  activation  in  HUVECs  exposed  to  orbital  shear  stress.  HUVECs  
were  transfected  by  PERP  siRNA  and  exposed  to  orbital  shaking  (210  rpm)  for  three  days.  Caspase-­‐3  activation  
was   measured   by   immunostaining   at   central   and   peripheral   (data   not   show)   regions   of   the   well   by   using  
cleaved   caspase-­‐3   antibody   and   Alexa   fluor   488-­‐conjugated   secondary   antibodies   (green).   EC   nuclei   were  
detected   by   counterstaining   (TOPRO-­‐3,   purple).   Representative   images   are   shown   (A).   Fluorescence   was  
analysed   by   confocal   laser-­‐scanning  microscopy   and   the   percentage   of   positive   cells   was   calculated   in   five  
fields   of   view   per   region   in   each   experiment   (B).   Mean   values   were   calculated   from   five   independent  
experiments  and  are  shown  with  standard  deviation.  Two-­‐way  ANOVA  was  used  to  assess  the  influence  of  two  
independent  factors  (PERP  silencing  and  shear  stress)  on  caspase-­‐3  activation.  The  p-­‐values  resulting  from  the  
analysis  are  shown.  	  






Figure  6-­‐16  Role  of  PERP  in  flow-­‐dependent  apoptosis:  analysis  using  caspase-­‐3  staining  and  flow  cytometry.  
HUVECs  were  transfected  by  PERP  siRNA  and  exposed  to  orbital  shaking  for  three  days  prior  to  flow  cytometry  
analysis.   In   some   samples   HUVECs   were   serum   starved   for   6   hours   after   flow   exposure.   (A)   HUVECs   were  
stained  using  an  antibody  for  cleaved  caspase-­‐3  and  Alexa  fluor  488-­‐conjugated  secondary  antibody  (green).  
Cells   treated   with   non-­‐specific   antibodies   (rabbit   IgG)   were   used   to   set   the   background   signal   and   serum  
starved  EC  were  used  as  positive   control.   SS   Lin   vs   FITC   Log  plots  were  used   to   identify   positive  events.   (B)  
Mean  values  (±SD)  are  shown  for  five  independent  experiments.  Unpaired  two-­‐tailed  t-­‐test  was  used  to  assess  
statistical  significance.  	  






Figure   6-­‐17   Role   of   PERP   in   flow-­‐dependent   apoptosis:   analysis   of   DNA   fragmentation.   HUVECs   were  
transfected  by  PERP  siRNA  and  exposed   to  orbital   shaking   (210   rpm)   for   three  days.   (A)  DNA   fragmentation  
was   assessed   by   TUNEL   staining   at   central   and   peripheral   (data   not   shown)   regions   of   the   culture  well.   EC  
nuclei  were  detected  by  counterstaining  (TOPRO3,  purple).  Apoptotic  cells  were  identified  by  TUNEL  staining  
colocalizing  with  fragmented,  apoptotic  nuclei.  (B)  The  percentage  of  positive  cell  was  quantified  in  five  fields  
of   view   per   region   for   each   experiment.   Mean   values   with   standard   deviation   for   three   independent  
experiments  are  shown.  Two-­‐way  ANOVA  was  used  to  assess  the  influence  of  two  independent  factors  (PERP  
silencing  and  shear  stress)  on  DNA  fragmentation.  The  p-­‐values  resulting  from  the  analysis  are  shown.  






Figure   6-­‐18   PERP   silencing   did   not   reduce   caspase-­‐3   activation   induced   by   orbital   shaking   and   serum  
starvation.  HUVECs  were   transfected  with   PERP   or   scramble   siRNA   and   exposed   to   orbital   shear   stress   for  
three  days.  After   flow  exposure  they  were  serum  starved  for  6  hours.  (A)  Caspase-­‐3  activation  in  the  central  
and  peripheral  region  of  the  culture  well  was  assessed  by  immunostaining  using  an  antibody  that  recognised  
the   cleaved   form   of   caspase-­‐3   and   Alexa   fluor   488-­‐conjugated   secondary   antibody   (green).   EC   nuclei   were  
detected   by   counterstaining   (TOPRO-­‐3,   purple).   (B)   The   percentage   of   positive   cells  was   assessed   by   laser-­‐
scanning  confocal  microscopy  (40x  magnification)  in  five  fields  of  view  per  region  for  each  experiment.  Mean  
values  and  standard  deviation   for   three   independent  experiments  are   shown.   Two-­‐way  ANOVA  was  used  to  
assess  the  influence  of  two  independent  factors  (PERP  silencing  and  shear  stress)  on  caspase-­‐3  activation.  The  
p-­‐values  resulting  from  the  analysis  are  shown.     





6.2.7	  Silencing	  PERP	  in	  the	  ibidi	  Pump	  system	  
In  order  to  further  investigate  the  role  of  PERP  in  flow-­‐induced  apoptosis  and  to  confirm  the  
findings   presented   in   the   previous   section,   I   carried   out   the   functional   analysis   in   an  
alternative   flow  system,   the   ibidi  Pump  system.  Since   I  demonstrated   that   low,  oscillatory  
shear  stress  significantly  induced  PERP  mRNA  in  the  ibidi  system  (Figure  6-­‐12),  I  used  these  
flow  conditions  to  analyse  caspase-­‐3  activation  after  PERP  silencing  by  siRNA  transfection.  
Firstly,   I  confirmed  that  transfection  with  PERP  siRNA  significantly  suppressed  PERP  mRNA  
expression   in   HUVECs   exposed   to   flow   in   the   ibidi   system   consistently   across   all   the  
experiments   (Figure   6-­‐19).   Then   I   investigated   the   relation  between  PERP   expression   and  
caspase-­‐3   flow-­‐induced   activation.   My   analysis   showed   that   suppression   of   PERP   mRNA  
levels  using   siRNA  significantly  decreased  caspase-­‐3  activation   in  HUVECs  exposed   to   low,  
oscillatory  shear  stress  (Figure  6-­‐20),  thus  supporting  the  results  of  the  experiments  carried  
out  with  the  orbital  shaker  system  (Figure  6-­‐15).  
	  
Figure  6-­‐19  Transfection  by  siRNA  significantly  reduces  PERP  mRNA  expression  in  HUVEC  exposed  to  flow  in  
the  ibidi  Pump  system.  HUVECs  were  transfected  with  PERP  siRNA  by  electroporation  prior  to  flow  exposure.  
After   three   days,   expression   levels   of   PERP   transcript   were   assessed   by   qRT-­‐PCR   and   were   normalised   by  
measuring   B2M  mRNA   levels.  Mean   values   (±SD)  were   determined   from   triplicate  measurements   and   data  
were  pooled  from  3  independent  experiments.  






Figure  6-­‐20  PERP  silencing  decreased  caspase-­‐3  activation  induced  by  low,  oscillatory  shear  stress  in  the  ibidi  
Pump   system.   HUVECs   were   transfected   by   PERP   siRNA   and   exposed   to   low,   oscillatory   shear   stress   (4  
dyne/cm2   and   oscillation   frequency   at   1Hz)   for   three   days.   (A)   Caspase-­‐3   activation   was   measured   by  
immunostaining   using   cleaved   caspase-­‐3   antibody   and   Alexa   fluor   488-­‐conjugated   secondary   antibodies  
(green).  EC  nuclei  were  detected  by  counterstaining  (TOPRO-­‐3,  purple).  Fluorescence  was  analysed  by  confocal  
laser-­‐scanning  microscopy   (20x  magnification).   (B)   The   percentage   of   positive   cells   was   calculated   in   three  
fields   of   view   per   condition   in   each   experiment.   Mean   values   were   calculated   from   three   independent  
experiments  and  are  shown  with  standard  deviation.  (*p<0.05,  unpaired  two-­‐tailed  t-­‐test).  
	  	   	  





6.2.8	  Caspase-­‐3	  and	  PERP	  expression	  in	  the	  porcine	  aortic	  arch	  
Collectively   my   data   suggested   that   PERP   might   influence   apoptosis   at   low   shear   stress  
regions  of  the  aorta.  To  test  this,  I  analysed  endothelial  apoptosis,  in  the  form  of  caspase-­‐3  
activation,   at   the   different   locations   of   the   porcine   aorta   identified   by   the   CFD   analysis  
(Figure   4-­‐15).   These   sites   were   exposed   to   either   low,   oscillatory   or   high,   unidirectional  
shear  stress  (Chapter  4).  My  analysis  revealed  that  the  percentage  of  ECs  expressing  active  
caspase-­‐3  was  significantly  higher   in  the  low,  oscillatory  shear  stress  location  compared  to  
the   high   shear   stress   one   (Figure   6-­‐21).   This   finding   supported  my   initial   hypothesis   that  
apoptosis   is   induced  by   low,  oscillatory   shear   stress   in  arterial   regions  predisposed   to   the  
development  on  atherosclerosis.  
In   order   to   confirm   a  potential   role   of   PERP   in   flow-­‐induced   apoptosis   in   vivo,   I   analysed  
PERP  protein  expression  at  different  sites  of  the  porcine  aorta.  My  immunostaining  analysis  
showed  ECs  expressing  PERP  at  the  low,  oscillatory  shear  stress  site  while  PERP-­‐positive  cells  
were   almost   absent   at   the  high   shear   stress   site   (Figure  6-­‐22).   Since   irrelevant   antibodies  
(rabbit   IgG)   showed   negligible   background   staining,   the   staining   with   PERP   antibody   was  
specific  (Figure  6-­‐22).    
My   en   face   staining   analysis   revealed   that   there   was   spatial   association   between   the  
locations  where  cleaved  caspase-­‐3  and  PERP  positive  cells  were  found  (Figure  6-­‐21,  A  and  
Figure  6-­‐22),  this  suggested  a  possible  correlation  between  endothelial  apoptosis  and  PERP  
expression,   supporting  my   hypothesis.   Co-­‐staining   for   both   proteins   would   have   clarified  
this  association  but  it  was  not  possible  as  both  antibodies  were  raised  in  the  same  species  
(rabbit)  and  there  were  not  other  anti-­‐PERP  antibodies  available  commercially.  






Figure   6-­‐21   Caspase-­‐3   positive   cells  were   found   at   low   shear   stress/atherosusceptible   site   of   the   porcine  
aorta.  (A)  Cleaved  caspase-­‐3   levels  were  assessed  by  en  face  staining  of  low  and  high  shear  stress  regions  of  
the  porcine  aorta  using  an  antibody  that  recognised  the  cleaved  form  of  caspase-­‐3  and  Alexa  488-­‐conjugated  
secondary   antibody   (green).   ECs   were   identified   by   staining  with   CD31   antibody   and   Alexa   568-­‐conjugated  
secondary  antibody  (red).  Cell  nuclei  were  detected  by  counter-­‐staining   (TOPRO3,  purple).      (B)  Fluorescence  
was  assessed  by   laser   scanning  confocal  microscopy  (40x  magnification)  and  the  percentage  of  positive  cells  
was   calculated   in   four   fields   of   view  per   region   for   six   aortas.  Representative   images   and   the  proportion  of  
caspase-­‐3  positive  cells  are  shown  (±SD).  (**p<0.01,  unpaired,  two-­‐tailed  t-­‐test).    






Figure  6-­‐22  ECs  expressing  PERP  were  found  at  low  shear  stress/  atherosusceptible  site  of  the  porcine  aorta.  
(A)  PERP  protein  levels  were  assessed  by  en  face  staining  of  low  and  high  shear  stress  regions  of  the  porcine  
aortic  arch.  ECs  were  stained  using  a  rabbit  antibody  anti-­‐PERP  and  Alexa  488-­‐conjugated  secondary  antibody  
(green).  The  endothelium  layer  was  identified  by  CD31  staining  and  Alexa  568-­‐conjugated  secondary  antibody  
(red).  EC  nuclei  were  counter-­‐stained  with  TOPRO3  (purple).  (B)  Fluorescence  was  assessed  by  laser-­‐scanning  
confocal  microscopy   (40x  magnification).   Four   fields   of   view   per   region  were   investigated   for   three   aortas.  
Representative   images   and   the  proportion  of  PERP  positive   cells   are   shown   (±SD).   (*p<0.05,   unpaired,   two-­‐
tailed  t-­‐test).  






? Analysis   of   EC   morphology,   gene   expression   and   apoptosis   markers   showed   that   the  
orbital  shaker  was  a  valid  system  to  study  flow-­‐induced  apoptosis  in  EC;  
? A  subset  of  putative  regulators  of  apoptosis  identified  by  the  microarray  analysis  was  also  
regulated  by  flow  in  vitro;  
? C-­‐JUN,  MCP-­‐1,  PERP  and  PDCD2L  were  up-­‐  or  down-­‐regulated  by   low,  oscillatory   shear  
stress  in  two  different  in  vitro  flow  systems,  the  orbital  shaker  and  the  ibidi  Pump.  Two  of  
these   genes   (PERP   and   PDCD2L)   were   selected   for   the   functional   analysis   to   examine  
whether  they  were  required  for  the  induction  of  apoptosis  by  flow;  
? Reduced   PDCD2L   mRNA   expression   did   not   have   an   effect   on   caspase-­‐3   activation   in  
HUVECs  exposed  to  shear  stress  with  the  orbital  shaker  system;  
? PERP  mRNA   silencing   reduced   caspase-­‐3   activation   in   HUVECs   exposed   to   flow   in   the  
orbital  shaker  system  however  it  did  not  have  a  significant  effect  on  DNA  fragmentation;  
? HUVECs   exposed   to   low/oscillatory   shear   stress   in   the   ibidi   Pump   system   showed  
decreased   levels   of   caspase-­‐3   activation   when   PERP   was   silenced   using   siRNA  
transfection;  
? Cleaved  caspase-­‐3  and  PERP  positive   cells  were   found   in   similar   regions  of   the  porcine  
aortic   arch   exposed   to   low,   oscillatory   shear   stress.   This   spatial   correlation   suggests   a  
possible  role  of  PERP  in  flow-­‐induced  caspase-­‐3  activation;  	   	  






My  transcriptome  profiling   in  porcine  arteries   identified  several  molecules  with  a  putative  
role   in   apoptosis   regulation.   In  order   to   investigate   their   role   in   flow-­‐induced  apoptosis,   I  
translated  my  findings  to  in  vitro  systems,  which  allowed  manipulation  of  gene  expression  in  
sheared  cells.  An  in  vitro  assay  that  I  selected  for  my  analysis  was  the  orbital  shaker  system.  
This   system   is   not   widely   used   to   study   cellular   responses   to   shear   stress   due   to   the  
complexity  involved  in  calculating  the  wall  shear  stress  exerted  by  the  flow.  However  recent  
studies169,171  have  made  significant  progress  in  characterising  the  velocity  field  and  calculate  
the   shear   stress  within   the   culture   surface.   Their   findings   showed   that   the   centre   of   the  
culture  well  is  exposed  to  both  low  shear  stress  and  flow  disturbance  while  the  periphery  us  
exposed   to  high   shear   stress  and  unidirectional  pseudo-­‐pulsatile   flow.  These  observations  
suggested  that  the  orbital  shaker  could  be  used  to  model  complex  shear  stress  patterns.  
The  validity  of  the  orbital  shaker  system  was  also  supported  by  the  clear  difference  in  cell  
morphology   between   ECs   that   I   observed   in   the   centre   and   periphery   of   the  well.   In   the  
peripheral   region,   ECs  were   elongated   and   aligned   in   the  direction   of   the   flow   appearing  
similar   to   cells   exposed   to   unidirectional   flow   and   high   shear   stress113,168,243.   Conversely,  
cells  in  the  centre  were  round  shaped  with  no  clear  alignment,  similar  to  ECs  cultured  under  
static  conditions  or  low  shear  stress117,123,243.  Thus  exposure  to  orbital  shear  stress  induced  
morphological   changes   in   ECs   that   were   consistent   with   those   observed   in   previous  
studies117,168.  
Since  my  main  interest  was  the  relationship  between  atherosclerosis,   flow  and  apoptosis,  I  
used   the  orbital   shaker  system   to   investigate  whether  disturbed   flow  associated  with   low  
shear  stress  promoted  apoptosis   in  cultured  ECs.   I  demonstrated  that  caspase-­‐3  activation  
by   cleavage   in   EC  was   enhanced   at   the   centre  of   the  well   compared   to   the   periphery.   In  
addition,  TUNEL  staining  revealed   increased  DNA  fragmentation,  a  marker  of  apoptosis,   in  
EC   in   the  centre  of   the  culture.      These  data   strongly   suggested   that   low,  oscillatory   shear  
stress  enhanced  endothelial  apoptosis  in  the  orbital  shaker  system.  
An  alternative   in  vitro   flow  assay  is  the  ibidi  Pump  system,  which  generates  a  simpler  flow  
field  compared  to  the  orbital  shaker.  This  system  can  reproduce  a  wide  range  of  shear  stress  
magnitude   but   with   a   single   direction.   Oscillatory   shear   stress   is   achieved   with   a   180°  





oscillation   of   the   flow.   The   orbital   shaker   offers   two   advantages   compared   to   the   ibidi  
system.   Firstly,   different   flow   conditions   are   created   in   the   same   well,   hence   cells   are  
cultured   under   the   same   conditions   apart   from   the   flow   and   this   greatly   reduces   the  
variability  between  the  samples.  Secondly,  the  orbital  shear  stress  exhibits  high  directional  
changes  in  the  centre  of  the  well,  similar  to  shear  stress   in  vivo.  However,  the  frequency  of  
oscillation  of  the  orbital  shaker  is  significantly  higher  than  physiological  oscillations  and  the  
flow  is  more  complex  than  in  the  ibidi  Pump  system.    
These   in   vitro   systems   were   employed   to   assess   whether   the   genes   identified   by   the  
microarray  analysis  responded  to  flow  in  culture  conditions.  Due  to  time  constraints,  it  was  
not  possible  to  analyse  all  56  putative  regulators  of  apoptosis  (Figure  5.5)  hence  I  selected  a  
subset   based   on   the   fold-­‐difference   between   the   shear   stress   conditions   and   scientific  
relevance.  The  majority  of  the  molecules  under  analysis  showed  an  expression  pattern  that  
was  consistent  with   the   in  vivo  analysis   (e.g.  genes  enriched  at   the   inner  curvature  of  the  
porcine  aortic  arch  were  induced  by  low,  oscillatory  shear  stress  in  vitro).  However,  in  three  
cases   (IGF-­‐1,   LGALS1   and   CDKN2A1P)   flow   induced   an   opposite   direction   of   expression  
compared   to   the   in   vivo   analysis.   This   finding   suggested   that   the   induction   of   these  
transcripts  in  vivo  might  not  be  regulated  exclusively  by  flow  but  other  factors  could  have  a  
significant  contribution.  Part  of  this  analysis  was  also  repeated  with  the  ibidi  Pump  system  
and  gave  similar  results  thus  supporting  the  hypothesis  of  the  flow-­‐dependent  regulation  of  
certain  transcripts.  Among  the  molecules  that  responded  to  shear  stress  in  vitro,  I  selected  
two  for  subsequent  functional  analysis:  PDCD2L  and  PERP.  
PDCD2L   is   a   358-­‐amino   acid   protein   also   known   as   MGC13096   that   has   been   linked   to  
PDCD2-­‐related   apoptosis244.   Little   published   data   is   available   on   this   transcript   but   a  
potential   association   between   PDCD2L   and   apoptosis   has   been   reported161.   My   analysis  
confirmed   that   PDCD2L   was   induced   by   low,   oscillatory   shear   stress   in   vitro   in   PAECs.  
However  parallel  studies  of  HUVECs  revealed  a  smaller   induction  and  greater  variability   in  
PDCD2L  mRNA  levels,  thus  suggesting  a  potential  different  activation  mechanism  in  venous  
versus  arterial  cells.   In  addition,  caspase-­‐3  activation  was  not   influenced  by  PDCD2L  knock  
down  in  HUVECs  exposed  to   flow  in  the  orbital  shaker  system.  Therefore,  PDCD2L  did  not  
seem  to  play  a  major  role  in  flow-­‐induced  apoptosis  in  the  in  vitro  model  and  I  decided  not  
to   pursue   this   analysis   further.   However,   the   contribution   of   PDCD2L   as   an   apoptosis  





regulator  cannot  be  completely  ruled  out  for  two  reasons:  firstly,  PDCD2L  depletion  did  not  
achieve  100%   thus   a   small   amount  of  mRNA  was   still   present   in   the   cells   and   could  have  
induced  caspase-­‐3  activation.  Secondly,  this  analysis  was  ran  in  a  particular  flow  context,  the  
orbital  shaker,  and  PDCD2L  role  might  be  more  significant   in  a  different  environment  such  
as  in  vivo.  
The   other   molecule   selected   for   functional   analysis   was   PERP.   PERP   is   an   apoptosis-­‐
associated   p53   transcriptional   target   that   is   notably   induced   in   p53-­‐dependent   apoptosis  
but  shows  moderate   induction   in  p53-­‐dependent  cell   cycle  arrest245  and   it   is  not   required  
for  anti-­‐proliferation-­‐associated  functions  of  p53246.  Its  expression  correlates  with  increased  
caspase-­‐3  levels  in  cancer  cell  lines247  and  leads  to  activation  of  caspase-­‐8  and  caspase-­‐9248  
in   uveal   melanoma   cells.   In   addition,   it   has   been   shown   that   PERP   is   involved   in   p53-­‐
mediated  cell  death  in  thymocytes  and  neurons  but  not  in  EA1-­‐expressing  MEFs,  indicating  a  
cell   type-­‐specific   role   of   PERP246.   However,   to   date   there   is   no   published   data   on   the  
function  of  PERP  in  endothelial  cells.  
My  analysis  showed  that  PERP  mRNA  was  induced  by  low,  oscillatory  shear  stress  in  PAECs  
and  HUVECS  exposed  to  flow  in  both  the  orbital  shaker  and  the  ibidi  Pump  system.  Protein  
analysis  also  revealed  that  PERP  was  expressed   in  vivo  in  regions  of  the  porcine  aortic  arch  
exposed   to   low,   oscillatory   shear   stress.   Since   both   in   vivo   and   in   vitro   there   was   a  
correlation  between  caspase-­‐3  activation,  low,  oscillatory  shear  stress  and  PERP  expression,  
I   tested   the   hypothesis   that   disturbed   flow   associated   with   low   shear   stress   promoted  
endothelial  apoptosis  through  PERP  induction.  After  silencing  PERP  mRNA,  HUVECs  exposed  
to   flow   in  the  orbital   shaker  system  showed  a   reduction  of  caspase-­‐3  activation.  However  
further   analysis   of   caspase-­‐3   levels  with   flow   cytometry   and   of   DNA   fragmentation   using  
TUNEL   staining  did  not   confirm  a   significant   role  of   PERP   in   flow-­‐dependent   apoptosis.   In  
addition,   PERP  knock  down  did  not  have  a   significant   effect  on   caspase-­‐3   levels   in   serum  
starved  endothelial  cells,  thus  suggesting  that  serum  starvation-­‐induced  apoptosis  might  be  
regulated   by   a   different   pathway  without   involvement   of   PERP.   Therefore,   these   findings  
highlight   the   complexity   of   p53-­‐mediated   and   flow-­‐induced   apoptosis   and   the   possibility  
that   there  might   be   another   protein   involved   able   to   compensate   for   PERP   deficiency   in  
endothelial  cells.  However,  despite  the  absence  of  a  definite  role  for  PERP  in  flow-­‐induced  





apoptosis,  this  analysis  nonetheless  provided  a  powerful  means  to  identify  a  gene  involved  
in  apoptosis  in  certain  contexts.  
In   contrast,   PERP   knock   down   in   HUVECs   exposed   to   flow   in   the   ibidi   Pump   system  
significantly  decreased  caspase-­‐3  activation.  It  is  interesting  to  note  that  PERP  mRNA  levels  
were  higher  in  HUVECs  exposed  to  low,  oscillatory  shear  stress  in  the  ibidi  compared  to  the  
shaker   system,  hence   its   contribution  might  be  more   significant   in   this   context.   Since   the  
two   systems   created   different   flow   environments,   it   is   then   possible   that   the   pathway  
regulating   PERP   might   be   sensitive   to   certain   flow   stimuli,   but   not   others.   For   example,  
shear  stress  in  the  orbital  shaker  presented  higher  spatial  gradients  and  directional  changes  
than  in  the  ibidi  system.  Several  studies116,138,249,250  have  investigated  the  capacity  of  ECs  to  
sense  and  transduce  different  features  of  shear  stress  (i.e.  magnitude  and  spatial  gradients)  
and  they  have  found  that  different  hemodynamic  variables  activate  different   transduction  
pathways   thus   inducing   heterogeneous   transcriptional   changes.   Further   studies   to  
characterize  the  effects  of  each  shear  stress  feature  on  the  endothelial  response  may  allow  
us  to  identify  the  mechanotransduction  pathway  involving  PERP  induction.  
In  light  of  the  above  observation,  we  decided  to  test  the  role  of  PERP  and  PDCD2L  in  flow-­‐
induced  apoptosis   in  an   in  vivo  context,  the  zebrafish,  to   investigate  whether  physiological  
in  vivo  environment  led  to  different  results.  The  influence  of  shear  stress  on  EC  function  was  
studied  in  zebrafish  embryos  using  morpholino  anti-­‐sense  targeting  troponin  T  or  tricaine  to  
suppress  blood  flow  in  the  aorta.  A  research  associate  in  our  group  assessed  the  function  of  
selected  genes  in  EC  responses  to  flow  in  zebrafish  embryos  using  morpholino-­‐based  gene  
knockdown  (Dr.  Serbanovic-­‐Canic  et  al,  unpublished).  She  observed  that  cessation  of  flow  in  
zebrafish  can  induce  apoptosis  of  EC  in  the  aorta,  and  that  morpholino-­‐mediated  silencing  
of   PERP   or   PCDC2   rescues   EC   from   apoptosis   in   the   absence   of   haemodynamic   forces  
(Appendix  3).  
I  concluded  that  the  novel  apoptosis  regulators  PERP  and  PDCD2L  played  a  different  role  in  
influencing   EC   viability   depending   on   the   context.   Further  work   is   required   to   define   the  
molecular  mechanisms   that   underlie   the   induction   of   flow-­‐dependent   apoptosis   by   these  
molecules.  Moreover,  the  in  vitro  assay  of  flow-­‐induced  apoptosis  that  I  have  developed  will  
serve  as  a  platform  for  medium-­‐throughput  functional  screening  of  genes  for  the  ability  to  
influence  endothelial  viability.  





Chapter	  7 Conclusion	  
The   research   presented   in   the   previous   chapters   supports   the   initial   hypothesis   that  
disturbed  flow  associated  with  low,  oscillatory  shear  stress  contributes  to  the  development  
of   atherosclerosis   by   inducing   the   expression   of   genes   involved   in   the   regulation   of  
endothelial  apoptosis.  In  addition,  the  work  presented  here  offers  insight  and  guidelines  for  
future  studies  investigating  the  relationship  between  blood  flow,  endothelial  transcriptome  
and  atherosclerosis.  The  following  sections  provide  a  summary  of  the  key  findings,  a  general  
discussion  and  suggestions  for  future  research  directions.  
7.1	  Summary	  of	  key	  findings	  
The  first  part  of  this  thesis  focused  on  the  characterisation  of  blood  flow  in  porcine  carotid  
artery   and   aorta   using   realistic   geometry   and   flow   information   obtained   by   MRI   and  
hemodynamics  modelling  using  CFD.    
An  extravascular  constrictive  device  with  a  cone-­‐????????????????????????102  was  applied  for  
the   first   time   to   the  porcine   right   common  carotid   artery   in  order   to   generate   controlled  
flow   conditions   in   vivo.     My   analysis   showed   that   placement   of   the   cuff   induced   variable  
degree   of   stenosis   and   different   geometrical   changes   among   the   three   animals   under  
investigation.   This   in   turn   resulted   in   significant   hemodynamic   variations   between   the  
subjects.  Computational  simulations  of  steady  state  and  pulsatile  blood  flow  dynamics  in  the  
reconstructed  geometries  revealed  that  the  proposed  theoretical  hemodynamic  model89,102  
is   an   over   simplification   of   a   complex   flow   environment   and   does   not   capture   the   inter-­‐
subject   variability.   My   analysis   showed   that   WSS   was   uniformly   low   upstream   of   the  
stenosis   and   consistently   high   in   the   cuff   region.   In   the   post-­‐stenotic   segment,   WSS  
exhibited  high  heterogeneity  in  both  magnitude  and  direction  within  and  between  animals.  
These  findings  highlight  the  need  for  realistic  geometric  and  hemodynamics  characterisation  
for  this  flow-­‐dependent  model  of  atherosclerosis  development.    
Blood   flow  was   also   characterised   for   the   first   time   in   realistic   aortic   arches   of   five   pigs.  
Phase-­‐contrast   MRI   was   employed   to   collect   flow   information   at   the   boundary   of   the  
geometry   and   showed   the   presence   of   important   secondary   flow   components   in   the  
ascending   aorta.   A   qualitative   analysis,   following   CFD   modelling,   revealed   common   flow  





features  and  WSS  patterns  among  the  animals.  Low,  oscillatory  shear  stress  was  found  along  
the  inner  wall  within  the  first  half  of  the  aortic  arch,  while  high,  unidirectional  shear  stress  
was   localised  mainly   on   the   outer   wall   downstream   of   the   aortic   branches.      Since   these  
regions   were   characterised   by   the   exposure   to   distinct   flow   environments,   they   were  
selected  for  EC  isolation  for  the  subsequent  transcriptional  analysis.    
The  microarray  study  comparing  gene  expression  at  high  and  low  shear  stress  regions  of  the  
porcine  aortic  arch   identified  764  transcripts  that  were  differentially  expressed  at  the  two  
locations  suggesting  a  flow-­‐dependent  regulation.  Functional  analysis  revealed  the  presence  
of   several   putative   regulators   of   apoptosis   among   these   transcripts.   The   expression   of   a  
subset  of  genes  was  further  validated  by  qRT-­‐PCR  supporting  our  initial  hypothesis  that  flow  
regulates  the  expression  of  molecules  involved  in  endothelial  apoptosis  in  vivo.  
Another   important   part   of   this   thesis   investigated   endothelial   response   to   flow   in   vitro.  
Firstly,  the  analysis  of  different  aspects  of  EC  physiology  showed  that  the  orbital  shaker  is  a  
valid  system  to  study  flow-­‐induced  apoptosis  in  cultured  EC.    Caspase-­‐3  expression  and  DNA  
fragmentation,  two  hallmarks  of  apoptosis,  were  significantly  higher   in  EC  exposed  to   low,  
oscillatory  shear  stress  compared  to  EC  exposed  to  high,  unidirectional   shear  stress   in  the  
orbital   shaker.   Secondly,   selected   putative   regulators   of   apoptosis   identified   by   the  
microarray   analysis   were   also   regulated   by   flow   in   vitro.   These   findings   suggested   that  
transcripts   enriched   at   atherosusceptible,   or   atheroprotected,   sites   in   vivo   could   also   be  
induced   by   low   and   oscillatory,   or   high,   shear   stress   in   cultured   EC.   Finally,   functional  
analysis  using  siRNA  transfection  highlighted  the  potential  role  of  the  novel  regulator  PERP  
in  flow-­‐induced  apoptosis.  Knock  down  of  PERP  in  EC  exposed  to  low,  oscillatory  shear  stress  
in  vitro  significantly  decreased  caspase-­‐3  activation,  however   it  did  not  have  a  statistically  
significant  effect  on  DNA  fragmentation,  analysed  by  TUNEL  staining.  A  parallel  study  in  our  
group,  that  translated  this  investigation  to  the  zebrafish  model,  revealed  that  PERP  silencing  
rescues   EC   from  apoptosis   induced  by   the   absence  of  hemodynamics.   Furthermore,   PERP  
protein   expression   in   vivo  was   increased   in   the   inner   curvature   of   the   porcine   arch   (low  
shear  stress)  compared  to  the  outer  curvature  (high  shear  stress),  and  it  spatially  correlated  
with   increased   cleaved   caspase-­‐3   expression.   These   findings   suggest   that   PERP   is   a   novel  
regulator   of   apoptosis   and   may   play   a   role   in   influencing   endothelial   viability   at  
atherosusceptible  sites  of  porcine  arteries.  





7.2	  Future	  directions	  
7.2.1	  The	  importance	  of	  shear	  stress	  characterisation	  
The   relation   between   blood   flow   and   atherosclerosis   has   been,   and   still   is,   studied  
extensively   both   in   vivo   and   in   vitro.   In   vivo   studies   offer   the   advantage   of   a   realistic  
physiological   environment   that   is   also   characterised   by   complex   arterial   hemodynamics.  
Despite  having  the  most  similar  vascular  anatomy  and  physiology  to  man  among  the  animal  
models,  pigs  are  not  often  used  in  cardiovascular  studies  because  of  the  associated  high  cost  
and  limited  facilities  available.  The  research  presented  here  characterises  for  the  first  time  
the  geometry  and   the   flow   features   in   the  porcine  aortic  arch,  and   it   challenges   common  
assumptions  about  the  mechanical  environment  at  susceptible  and  protected  regions137,139.  
These   findings   can   provide   valuable   insight   for   future   studies   on   flow-­‐dependent  
mechanisms   in   porcine   arteries.   Furthermore,   they   highlight   the   importance   of   accurate  
geometric   and   hemodynamic   characterisation.   Since   simplifying   assumptions   on   blood  
rheology   and   aortic   wall   motion   were   made   in   this   work,   a   study   of   the   effects   of   wall  
compliance   and   non-­‐Newtonian   blood   behaviour   on   flow-­‐dependent   metrics   might   be  
required.  Potential  suggestions  could  be  to  use  a  fluid-­‐solid  interaction  approach  to  simulate  
wall   movement251   and   a   shear-­‐thinning   model   for   the   non-­‐Newtonian   features   of   the  
blood191.    
Further   insight   has   also   been   provided   on   the   effects   of   the   extravascular   cuff   on   the  
porcine  carotid  hemodynamics.  My  analysis  revealed  a  far  more  complex  flow  environment  
that   the   one   proposed   in   the   past89,102.   Future   studies   employing   this   technique   to  
investigate  the  relation  between  shear  stress  and  atherosclerosis  should  take  into  account  
the   findings   presented   here.   In   addition,   this   model   is   often   used   in   mice   that   present  
significantly  smaller  geometries  and  blood  velocity  than  pigs.  Here  I  showed  that,  among  the  
three  cases  under  analysis,  the  stenosis  induced  by  the  cuff  varied  between  70  and  90%  of  
the  cross-­‐sectional  area.  This  difference  could  depend  on  variation  in  the  placement  of  the  
cuff  or  in  a  movement  of  the  cuff  after  surgery.  In  mice,  the  surgical  procedure  is  carried  out  
under  a  microscope,  as  the  carotid  arteries  are  incredibly  small  (diameter  of  approximately  
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arterial  geometry  post-­‐surgery  would  be  useful   to  confirm  the  correct  position  of  the  cuff  





and   assess   the   degree   of   stenosis   induced.   In   addition   the   Reynolds   number   of   murine  
arteries  is  low  (Reaorta=100)  and  a  stenosis  of  90%  would  result  in  a  significant  reduction  of  
the  flow  rate  and  velocity.  Therefore,  it  is  unlikely  that  vortices  and  flow  disturbance  would  
occur   in   the   post-­‐stenotic   segment.   For   this   reason,   an   accurate   characterisation   of   the  
realistic  carotid  geometry  and  flow  environment  after  cuff  placement  should  be  carried  out  
to   validate   this  model   in   the  mouse.   Since  MRI   does   not   provide   sufficient   resolution   for  
murine  arteries,   the   acquisition  of  3D   vascular   geometries   can  be  performed  by  micro-­‐CT  
while   the   flow   information   for   the   boundary   conditions   can   be   obtained   by   Doppler  
ultrasound.  
7.2.2	  A	  novel	  approach:	  systems	  biology	  
Atherogenesis  is  a  complex  phenomenon  that  involves  multiple  cell  types  and  the  activation  
of  several  mechanosensitive  pathways.     Standard  studies  examining  single  gene  or  protein  
are  valuable   in  understanding  their  functions  however  they  do  not  provide  information  on  
gene   interactions   and   signalling   networks.   In   the   last   decade,   many   investigators   used  
microarray  technology  to  analyse  on  a  large  scale  the  changes  in  endothelial  transcriptome  
in   response   to   mechanical   stimuli133,134,138,139.   These   genome-­‐wide   studies   contributed   to  
the   definition   of   an   atherosusceptible   endothelial   phenotype   that   can   be   considered   a  
primed  pre-­‐lesional  state252.  The  microarray  analysis  presented  here  identified  novel  genes  
with   a   putative   mechanosensitive   role   and   added   new   information   to   this   pathological  
phenotype.    
It  is  important  to  highlight  the  central  role  of  bioinformatics  analysis  in  the  investigation  of  
this   complex   cellular   dynamics.   Here   we   employed   GeneSpring   and   DAVID   functional  
annotation  to   identify  differentially  expressed  genes  and  grouped  them  according   to   their  
function.  However  a  variety  of  statistical  tools  can  be  applied  to  screen  large  dataset  such  as  
microarray   data.   Common   approaches   include   ANOVA   analysis,   SAM   and   False   Discovery  
Rate   (FDR).   Performing   a   different   analysis   on   our   data   might   add   new   insight   to   our  
findings.  Furthermore,  it  would  be  interesting  to  employ  mathematical  systems  modelling  in  
order  to  identify  biological  networks  and  direct  and  indirect  interactions  between  genes253.  
The  large  genetic  dataset  generated  by  this  research  can  be  the  base  for  several  projects  to  
study   the   effects   of   shear   stress  on  endothelial   physiology.   Future   studies  will   be   able   to  





reanalyse  and  mine  the  data  to  select  novel  targets  for  technical  validation  and  functional  
analysis.  
Finally,  future  investigations  will  also  have  access  to  more  sophisticated  techniques  for  deep  
transcriptome   analysis   such   as   next   generation   (NG)   sequencing.   This   approach   allows  
detection   of   novel,   unannotated   transcripts   without   a   priori   knowledge   of   the  
transcriptome,  and  generates  richer  and  more  comprehensive  gene  expression  data254.    NG  
sequencing  is  becoming  more  routinely  accessible  however  its  implementation  is  still  limited  
by   the  high  purity  and   integrity  of  RNA  samples   required  by  this   type  of   technique.  Using  
this   technique,   it   will   be   possible   to   achieve   a   superior   sensitivity   than   the   array   and   to  
identify  a  greater  number  of  transcripts,  including  non-­‐coding  RNA,  such  as  microRNAs.    
High   throughput   functional   screening  will   need   to   be   developed   to   screen   flow-­‐regulated  
genes  for  their  functions.  This  will  allow  us  to  understand  the  function  of  several  transcripts  
that  are  differentially  expressed  at  high  and  low  shear  stress  sites.  Of  note,  over  300  genes  
in  our  array  had  an  unknown  function.  
7.2.3	  The	  role	  of	  PERP	  	  
My   work   suggests   that   PERP   might   play   a   role   in   flow-­‐induced   apoptosis   by   increasing  
caspase-­‐3   activation   in   response   to   low,   oscillatory   shear   stress   in   EC.   Inhibition   of   PERP  
using  siRNA  significantly  reduced  caspase-­‐3  activation  in  EC  exposed  to  disturbed  flow  in  the  
ibidi  Pump  system.  A  similar  effect  was  also  observed  when  using  the  orbital  shaker  system.  
Furthermore,  en  face  staining  of  the  porcine  aortic  arch  revealed   increased  caspase-­‐3  and  
PERP  protein  expression  at  the   inner  curvature  (atherosusceptible)  compared  to  the  outer  
curvature   (atheroprotected).  However   further   studies   are   required   to   clarify   the  potential  
role  of  PERP  in  endothelial  injury  during  early  stages  of  atherogenesis.  
Firstly,  the  consequences  of  PERP  knock  down  in  the  ibidi  system  should  be  validated  with  
additional   markers   of   apoptosis,   such   as   DNA   fragmentation.   It   would   also   be   useful   to  
investigate   whether   increased   caspase-­‐3   and   PERP   expression   in   the   porcine   aortic   arch  
correlates   with   increased   DNA   fragmentation   using   TUNEL   staining.   Additionally,   a   co-­‐
staining  for  PERP  and  caspase-­‐3  would  provide  insight  to  the  hypothesis  that  silencing  PERP  
decreases  apoptosis  by  inhibition  of  the  central  caspase.  





Secondly,  the  role  of  PERP  should  also  be  assessed  in  vivo.  A  study  in  our  group  showed  that  
morpholino-­‐mediated  silencing  of  PERP  suppresses  EC  apoptosis  induced  by  the  absence  of  
hemodynamic  forces  in  the  zebrafish.  A  translation  of  this  work  in  a  different   in  vivo  model  
with  a  more  complex  arterial  tree  would  be  beneficial  to  clarify  the  relation  between  PERP,  
endothelial   apoptosis  and   flow.  The  mouse  can  be  a  valid   choice  as   this   specie  offers   the  
advantage   of   being   easily   genetically   manipulated.   Future   studies   can   genetically   delete  
PERP   and   analyse   apoptosis,   and   plaque   development,   in  murine   arteries.   In   this   case,   a  
conditional  knock  out  of  PERP  in  EC  will  be  required  as  PERP  null  mice  die  post-­‐natally  within  
10  days  after  birth  from  blisters  in  stratified  epithelia,  including  the  skin  and  oral  mucosa255.  
A  similar  approach  has  been  successfully  used   in   the  past   for  conditional  PERP  deletion   in  
the  epithelium256.  A  potential  alternative  without   the  drawbacks  of  knockouts  could  be  to  
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such  compound  has  not  been  developed  yet.    
Finally,  previous  studies  have  shown  that  PERP  is  a  p53  transcriptional  target245.  The  in  vitro  
systems   proposed   in   this   thesis   can   be   used   to   assess   the   role   of   this   pathway   in   flow-­‐
induced  endothelial  apoptosis.  A  study  from  our  group  showed  that  p53  mRNA  and  protein  
expression  was  enhanced  in  EC  exposed  to  disturbed  compared  to  undisturbed  flow  in  the  
orbital  shaker  system257.  It  would  be  useful  to  determine  whether  suppression  of  p53  leads  
to  a   reduction  of  PERP   in  EC  and  whether   this  has  an   impact  on  caspase-­‐3  activation  and  
DNA   fragmentation   following   exposure   to   low,   oscillatory   shear   stress.   This   could   be  
achieved  by  p53   silencing  using   siRNA   in  EC  exposed   to   flow   in   the  orbital   shaker  or   ibidi  
system.   Furthermore,   it   would   be   interesting   to   carry   out   an   analysis   of   caspase-­‐8   and  
caspase-­‐9  transcriptional  and  protein   levels  to   investigate  whether  PERP   is   involved   in  the  
extrinsic   or   intrinsic   apoptosis   pathway,   or   both.   It   should   also   be   noted   that   the   in   vitro  
functional   analysis   presented   here   has   been   carried   out   in   HUVECs,   a   widely   used  
endothelial  cell  line  extracted  from  the  umbilical  vein.  Despite  HUVECs  have  been  shown  to  
be   a   valid   model   for   studying   the   shear   stress   response,   they   originated   from   a   venous  
blood   vessels   that   does   not   develop   atherosclerotic   lesions.   Future   studies   may   want   to  
confirm  my  findings  using  cells  extracted  from  arterial  blood  vessels  instead,  such  as  human  
aortic  endothelial  cells.  





7.2.4	  Implications	  for	  atherosclerosis	  
The   work   presented   here   was   conducted   with   the   aim   of   investigating   the   endothelial  
molecular  mechanisms   leading   to   the  development  of   atherosclerosis.   The  CFD  modelling  
and  microarray   analysis  were   carried  out   in  healthy  animals   and  analysed  arterial   regions  
where   plaques   preferentially   develop.   Ideally,   it   would   be   important   to   confirm   that  
atherosclerotic  plaques  would  occur  in  these  locations.  However  pigs  start  developing  early  
lesions   after   about   50   days   of   standard   hypercholesterolemic   diet,   hence   the   cost  
associated  with   the  maintenance  of   the  animals  would  be   significantly  high.  Furthermore,  
the   management   of   older   animals   becomes   more   difficult   because   of   their   considerable  
weight   (>100kg).   Future   studies   using   hypercholesterolemic   pigs   could   also   assess   the   EC  
transcriptome/proteome  at  different  stages  of  lesion  formation.  This  will  allow  to  study  the  
interaction  between  WSS  and  EC  physiology  during  the  atherogenic  process.  
Despite   the   available   evidence   that   apoptosis   plays   a   role   in   the   development   of  
atherosclerosis55,61-­‐63,   the   exact   mechanisms   of   its   involvement   remain   unclear.   Several  
studies  have  suggested  that  high  EC  turnover  increases  the  permeability  of  the  endothelium  
facilitating   LDL   infiltration54-­‐57.  My   observations   support   the   hypothesis   that   EC   apoptosis  
occurs   preferentially   at   low   shear   stress,   atherosusceptible   site   of   the   porcine   aorta.   It  
would   be   interesting   in   future   investigations   to   examine   whether   this   phenomenon  
correlates  with  enhanced  vascular  permeability  thus  linking  apoptosis  with  the  formation  of  
early  lesions.  The  assay  Evans  Blue  dye  could  be  used  to  assess  vascular  permeability  in  the  
porcine  and  murine  aortic  arch.  If  a  correlation  is  found,  the  next  step  should  investigate  the  
role   of   PERP   in   endothelial   permeability.   Future   in   vitro   studies   can   employ   transwell  
plates170   to   analyse   the   changes   in   permeability   of   EC   transfected   using   PERP   siRNA   and  
exposed   to   shear   stress  with   the  orbital   shaker   system.     Then,   subsequent   in   vivo   studies  
could   investigate   endothelial   permeability   in   conditional   PERP   knockout  mice.   In   order   to  
elucidate   PERP   contribution   to   atherosclerosis,   it   would   be   also   useful   to   induce  
atherosclerotic   lesions   in  conditional  PERP  knockout  mice  using  high-­‐fat  diet  and  compare  
lesions  development  with  wild  type  mice.  However  it  should  be  noted  that  studies  in  mice  
are   limited   by   significant   species   differences   compared   with   humans,   and   ideally   this  
investigation  should  be  conducted  in  pigs.    





In  a  more  general   scope,  detailed   longitudinal   studies   in  animal  models  will  be   crucial   for  
the  investigation  of  the  relation  between  blood  flow,  apoptosis  and  atherosclerosis.  These  
should  combine  accurate  flow  modelling,  a  genome-­‐wide  approach  and  functional  analysis  
as  illustrated  in  the  work  presented  here.  Further  studies  will  then  be  required  to  examine  
the   potential   role   of   PERP,   or   other   selected   transcripts,   in   endothelial   injury,   lipid  
deposition  and  vascular  inflammation  during  early  atherogenesis.    	   	  
















	   	  





Appendix	  1 Differentially	  expressed	  transcripts	  between	  high	  and	  low	  
WSS	  regions	  of	  the	  porcine	  aortic	  arch	  
Gene  Symbol   Probe  Set  ID   Entrez  Gene  No   Fold  Change  
HOXB9   Ssc.20706.1.S1_at   100523635   2.6  
HOXB7   Ssc.22336.2.A1_at   100522513   8.1  
GATA4   Ssc.3566.2.A1_at  
  
-­‐3.4  
HOXA9   Ssc.26748.1.A1_at  
  
19.9  











HOXB7   Ssc.22336.1.S1_at   100522513   10.2  
GPM6A   Ssc.14007.1.A1_at  
  
-­‐8.0  












MTHFD1L   Ssc.9594.1.A1_at   100154722   -­‐1.7  
BCAT1   Ssc.27431.1.A1_at   100152656   1.7  
PCOLCE   Ssc.1122.1.S1_at  
  
-­‐10.0  
TMEFF2   Ssc.19235.1.A1_at   654831   -­‐10.7  
CHRDL1   Ssc.13276.1.A1_at   100153497   -­‐10.0  
EML4   Ssc.3500.1.A1_at   100515021   2.7  
EML4   Ssc.926.1.A1_at   100515021   2.7  
TWIST1   Ssc.17121.1.S1_at   100516456   -­‐8.3  
RPS20   Ssc.7256.1.A1_at   414395   3.9  
ARHGAP25   Ssc.19344.1.A1_at   100514401   3.6  
DUSP14   Ssc.4140.1.A1_at  
  
-­‐1.4  
ASGR2   Ssc.11310.1.A1_at  
  
-­‐4.5  
COL5A1   Ssc.9002.1.A1_at   100517021   -­‐1.8  
SLIT2   Ssc.18000.1.A1_at   100515328   -­‐1.6  
PFN2   Ssc.8274.1.A1_at  
  
-­‐2.8  
COL5A1   Ssc.4993.1.A1_at   100517021   -­‐1.6  





PNPLA6   Ssc.11227.1.S1_at   100524423   -­‐1.1  
GNG2   Ssc.26312.1.S1_at   100524008   3.1  







SDHC   Ssc.23817.1.S1_at  
  
1.8  
BAG5   Ssc.4063.1.S1_at  
  
2.0  
CREB1   Ssc.5382.1.A1_at  
  
-­‐2.2  
C5orf49   Ssc.949.1.S1_at   100516406   -­‐2.4  
CHRDL1   Ssc.11310.2.A1_at   100153497   -­‐46.3  
HEBP2   Ssc.12634.1.S1_at   100155860   -­‐2.7  
BCHE   Ssc.18164.1.A1_at  
  
-­‐8.6  












TLK1   Ssc.13037.1.A1_at   100157412   1.7  
KIAA1549   Ssc.26991.1.A1_at   100519232   -­‐1.1  
EDNRB   Ssc.4436.1.S1_at   100511151   -­‐1.3  
KDM5A   Ssc.19273.1.A1_at   100294704   1.4  
FZD5   Ssc.29483.1.A1_at   100519058   -­‐3.0  
CREB1   Ssc.5382.1.A1_a_at  
  
-­‐2.4  
RCE1   Ssc.5482.1.S1_at   100514389   -­‐1.3  
ZNF839   Ssc.26700.1.S1_at   100152925   1.5  
WDR26   Ssc.25783.1.S1_at   100523327   -­‐1.3  
TTC17   Ssc.18899.1.A1_at   100521838   1.4  
TMSB4X   Ssc.4122.1.A1_s_at   100216317   1.1  
SMAP2   Ssc.3072.1.S1_at   100145888   1.4  
SLA-­‐DQB1   Ssc.11063.1.S1_at   100037921   1.7  
SLA-­‐3   Ssc.13780.9.S1_a_at   100037288   1.4  
SILV   Ssc.29472.1.S1_at   594851   -­‐1.1  
SEC31A   Ssc.11165.1.S1_at   100511210   1.2  
SDC4   Ssc.16324.1.S1_at   397528   -­‐2.1  
PTGES   Ssc.1310.1.S1_at   654407   -­‐2.0  
PDXK   Ssc.11170.1.S1_at   396983   -­‐1.6  
PDE4A   Ssc.16123.2.S1_at   396825   -­‐1.3  
PAP7   Ssc.19058.1.S1_at   494461   1.3  
OXT   Ssc.15668.1.A1_at   100152272   -­‐1.2  
OPRL1   Ssc.16086.1.S1_at   397364   -­‐1.3  
ODZ1   Ssc.27124.1.A1_at   100512817   -­‐2.4  
NSMAF   Ssc.22275.1.S1_at   100153039   1.4  
NR2F2   Ssc.8676.1.S1_at   100153983   -­‐2.3  
MUC16   Ssc.30342.1.A1_at   100517392   -­‐1.3  
MSX1   Ssc.9355.2.A1_at   100302364   -­‐1.3  
MFGE8   Ssc.16345.1.S1_at   397545   -­‐1.2  
MFAP1   Ssc.4348.2.S1_at   100157390   1.5  
MAP7D1   Ssc.1951.1.S1_at   100511265   1.5  
MID1IP1   Ssc.25129.1.A1_at   100526197   1.7  
LOC100525937   Ssc.3494.1.A1_at   100525937   1.4  
ZNF131   Ssc.6837.1.A1_at   100525619   1.3  
CITED4   Ssc.9605.1.A1_at   100525468   -­‐1.3  
PIN4   Ssc.18633.1.S1_at   100524473   1.5  
CHAF1A   Ssc.7857.1.A1_at   100524302   1.2  
PUSL1   Ssc.2881.1.S1_at   100524091   -­‐1.1  
PTPLAD2   Ssc.8808.1.A1_at   100523711   2.8  
ERGIC1   Ssc.23508.2.S1_at   100523575   -­‐1.2  
LOC100523385   Ssc.5024.1.A1_at   100523385   -­‐1.2  
ITFG3   Ssc.2475.1.S1_at   100523363   -­‐1.1  
LOC100523112   Ssc.31177.1.S1_at   100523112   -­‐1.2  
EBI3   Ssc.22203.1.A1_at   100522599   -­‐2.4  
FAM21A   Ssc.27237.2.S1_a_at   100522401   1.2  
TMEM82   Ssc.26115.1.S1_at   100522322   -­‐1.2  





SUN1   Ssc.10938.1.S1_at   100522311   1.3  
CRYGF   Ssc.6779.1.S1_at   100522220   -­‐1.2  
SNAP91   Ssc.10571.1.S1_at   100521763   -­‐1.2  
FNIP1   Ssc.13512.1.A1_at   100521611   1.8  
SUV420H1   Ssc.4394.1.S1_at   100521358   1.5  
CCDC51   Ssc.13063.1.S1_at   100521222   1.5  
SLC6A8   Ssc.2555.1.S1_at   100520945   -­‐1.4  
XRCC6BP1   Ssc.12964.1.S1_at   100520837   1.7  
GYG1   Ssc.4204.1.S1_at   100520641   -­‐2.7  
FAM183A   Ssc.30511.1.A1_at   100520438   -­‐1.3  
CALML4   Ssc.4434.1.S1_at   100519528   1.9  
HBP1   Ssc.6645.1.S1_at   100519099   1.2  
TCHP   Ssc.24883.1.A1_at   100518693   1.7  
FNBP1L   Ssc.1801.2.S1_at   100518593   1.7  
PLSCR4   Ssc.23099.1.S1_at   100518400   -­‐2.0  
LOC100517993   Ssc.22490.1.S1_at   100517993   1.5  
SP100   Ssc.7207.2.A1_at   100516940   1.5  
RAD17   Ssc.21361.1.A1_at   100515763   1.6  
CCDC146   Ssc.30397.1.A1_at   100515400   -­‐2.2  
ZNF148   Ssc.30750.1.A1_at   100515279   1.9  
ZNF148   Ssc.21426.1.S1_at   100515279   1.6  
HOXD8   Ssc.3450.1.S1_at   100515172   3.5  
LOC100515151   Ssc.15740.1.S2_at   100515151   -­‐1.6  
C14orf37   Ssc.6265.1.S1_at   100514619   -­‐2.0  
PAQR3   Ssc.24474.1.A1_at   100514591   -­‐1.3  
LOC100514323   Ssc.29437.1.S1_at   100514323   2.4  
PERP   Ssc.11670.2.S1_at   100513507   -­‐2.6  
MGST2   Ssc.21635.1.A1_at   100513365   -­‐5.4  
LOC100513207   Ssc.13085.1.S1_at   100513207   1.3  
LOC100513193   Ssc.27500.1.A1_at   100513193   1.5  
TJP2   Ssc.16907.1.A1_at   100513065   1.3  
C19orf42   Ssc.3048.1.S1_at   100512765   1.2  
TRUB2   Ssc.7494.1.A1_at  
100157964  ///  
100512699   1.3  
PDHX   Ssc.7185.1.A1_at  
100512267  ///  
100525559   1.7  
LTBP1   Ssc.8072.1.A1_at   100512100   -­‐4.3  
LTBP1   Ssc.8072.2.A1_at   100512100   -­‐4.7  
SYP   Ssc.2798.1.S1_at   100512029   -­‐1.4  
SMG6   Ssc.28383.1.S1_at   100511407   -­‐1.3  
CCDC3   Ssc.6478.2.S1_at   100510975   -­‐2.2  
TACSTD2   Ssc.2627.2.S1_at   100510966   -­‐4.7  
RCOR3   Ssc.24585.1.S1_at   100510922   1.2  
FAM176A   Ssc.4914.1.A1_at   100510899   -­‐1.8  
HLA-­‐DQB1   Ssc.16038.1.S1_at   100157996   2.6  
FRA10AC1   Ssc.832.1.S1_at   100157308   1.4  
TCTN3   Ssc.5488.1.S1_at   100157208   -­‐1.7  
SIX1   Ssc.15233.1.S1_at   100156847   -­‐3.7  





DSP   Ssc.1623.1.S1_at   100156744   -­‐3.7  
DEDD   Ssc.1294.2.S1_at   100156474   -­‐1.2  
PGM3   Ssc.4307.1.A1_at   100156015   -­‐1.3  
WRNIP1   Ssc.2136.1.S1_at   100155921   1.3  
GBA2   Ssc.15216.1.S1_at   100155655   1.4  
B4GALT3   Ssc.16825.1.S1_at   100154856   -­‐1.2  
ANK3   Ssc.13587.1.A1_at   100154687   1.9  
SERPINI1   Ssc.6948.1.A1_at   100154352   -­‐1.9  
PSAT1   Ssc.19839.1.S1_at   100154160   -­‐3.0  
METTL11A   Ssc.19574.1.A1_at   100153919   1.6  
LOC100153888   Ssc.8888.1.A1_at   100153888   -­‐1.3  
HAND2   Ssc.31068.1.A1_at   100153751   -­‐4.1  
LOC100153046   Ssc.26466.1.A1_at   100153046   -­‐3.6  
SFXN2   Ssc.18078.1.A1_at   100152984   1.7  
CRISPLD1   Ssc.5995.1.A1_at   100152961   -­‐2.1  
BCAT1   Ssc.12565.1.A1_at   100152656   1.7  
PSMF1   Ssc.6353.1.S1_at   100152620   1.2  
RPS6KA5   Ssc.2132.1.S1_a_at   100152046   2.0  
RAB35   Ssc.17391.1.S1_at   100151805   1.2  
LIMCH1   Ssc.10466.1.A1_at   100515040   1.3  
KIFC1   Ssc.25117.1.A1_at   100154627   -­‐1.3  
KDM5A   Ssc.19273.3.S1_at   100294704   1.5  
KDM2A   Ssc.24207.1.A1_at   100294703   1.4  
ITM2B   Ssc.1037.1.S1_at   595120   1.2  
IGF1   Ssc.16231.3.S1_a_at   397491   -­‐2.8  
HYDIN   Ssc.29504.1.A1_at   100513208   -­‐1.2  
HYAL3   Ssc.26118.1.S1_at   404696   -­‐1.3  
HNF1B   Ssc.16447.1.S1_at   397002   -­‐1.2  
HIF1A   Ssc.390.2.S1_at   396696   -­‐1.8  
GPX3   Ssc.19694.1.S1_at   396598   -­‐1.7  
GLYR1   Ssc.18242.2.A1_at   100525456   -­‐1.3  
GGA3   Ssc.6502.1.A1_at   100525777   1.8  
GCM1   Ssc.27605.1.A1_at   414910   -­‐1.3  
GCLC   Ssc.29035.1.S1_at   100522018   -­‐1.3  
C-­‐JUN   Ssc.9075.1.A1_at   396913   2.0  
CEACAM16   Ssc.6653.1.S1_at   100524994   -­‐1.4  
CD9   Ssc.54.1.A1_at   397067   -­‐1.2  
CCL2   Ssc.657.1.A1_at   397422   -­‐3.7  
CASP8AP2   Ssc.24845.1.S1_at   100523759   1.3  
AUTS2   Ssc.4018.1.S1_at   100515305   -­‐1.8  
AUTS2   Ssc.31175.1.S1_at   100515305   -­‐7.6  
ATP6V1C2   Ssc.31160.1.A1_s_at   100512277   -­‐1.7  
ATP6V1C2   Ssc.14999.1.A1_at   100512277   -­‐1.5  
ARID4A   Ssc.8703.1.A1_at   100153197   1.7  
ARID4A   Ssc.24155.1.S1_at   100153197   1.7  
ANGPTL4   Ssc.17345.1.S1_at   397628   -­‐4.2  
ANGEL2   Ssc.5494.1.A1_at   100523200   1.6  
SPTBN1   Ssc.16046.1.S1_s_at  
  
1.2  





ISYNA1   Ssc.15723.1.S1_at  
  
-­‐1.4  
XBP-­‐1   Ssc.7745.1.A1_at  
  
1.4  
ANTXR1   Ssc.20172.1.A1_at  
  
1.5  







PLXNB2   Ssc.4084.1.S1_at  
  
-­‐2.5  
BCAT1   Ssc.12561.1.A1_at  
  
2.6  
DAAM1   Ssc.6363.1.A1_at  
  
-­‐2.0  
MUM1   Ssc.3809.1.A1_at  
  
1.7  
CXXC5   Ssc.9048.2.A1_at  
  
-­‐1.2  
SPINT2   Ssc.9221.1.A1_at  
  
-­‐1.2  
TMEM30B   Ssc.26634.1.A1_at  
  
-­‐2.8  
ELK3   Ssc.4212.1.A1_at  
  
-­‐1.3  














SAMD12   Ssc.5979.1.A1_at  
  
1.8  
ASGR2   Ssc.22550.1.A1_at  
  
1.9  
PIM3   Ssc.26274.1.S1_at  
  
-­‐1.6  
ZNF238   Ssc.21986.1.S1_at  
  
1.4  
Obsl1   Ssc.27615.1.S1_at  
  
-­‐1.3  
APLNR   Ssc.28818.2.S1_a_at  
  
-­‐1.6  
AKAP7   Ssc.29749.1.A1_at  
  
1.6  







CNTF   Ssc.3599.1.S1_at  
  
1.3  







VPS35   Ssc.26019.1.S1_at  
  
1.3  
SLC7A7   Ssc.3715.1.S1_at  
  
-­‐1.1  







ZNF84   Ssc.28314.1.S1_at  
  
1.2  
TNRC6B   Ssc.4265.1.A1_a_at  
  
1.1  
PLB1   Ssc.30851.1.S1_at  
  
-­‐1.2  
ZNF652   Ssc.30952.1.A1_at  
  
1.4  
LOC100511492   Ssc.30674.1.S1_at  
  
-­‐1.5  
IL4R   Ssc.6256.1.A1_at  
  
-­‐3.1  
STK38L   Ssc.3975.1.A1_at  
  
2.6  







TAB2   Ssc.4161.1.A1_at  
  
1.3  
LMNA   Ssc.5112.1.S1_at  
  
-­‐1.7  
TPCN2   Ssc.16652.1.S1_at  
  
1.3  
ZEB1   Ssc.9299.1.S1_at  
  
1.4  
ENO2   Ssc.3743.1.S1_at  
  
-­‐1.9  
















LXN   Ssc.2983.1.A1_at  
  
1.4  
TMEM199   Ssc.4755.1.A1_at  
  
1.9  
BRD8   Ssc.7279.1.A1_at  
  
1.4  
SBNO2   Ssc.15443.1.S1_at  
  
-­‐1.9  















FBN2   Ssc.27703.1.S1_at  
  
-­‐4.1  
MAPK11   Ssc.29722.1.S1_at  
  
-­‐1.2  
GOSR1   Ssc.5643.1.A1_at  
  
1.6  
ERCC5   Ssc.6879.1.A1_at  
  
1.9  
RAB11FIP2   Ssc.13291.1.S1_at  
  
1.4  
FBLN7   Ssc.13129.1.S1_at  
  
-­‐1.4  








































































































































































TNIP1   Ssc.1758.2.S1_at   100271903   -­‐2.1  
ARPC1B   Ssc.15456.1.S1_at   100174964   1.2  
APOA1   Ssc.807.1.S1_at   397691   -­‐1.5  
POT1   Ssc.21430.1.S1_at   100192443   1.4  
C12orf52   Ssc.18225.3.S1_at   100523867   -­‐1.2  
RBM25   Ssc.8506.1.A1_at   100511390   1.5  
IGF1   Ssc.16231.1.S1_a_at   397491   -­‐3.5  
COL6A1   Ssc.5895.1.A1_at   100101553   -­‐1.2  
SEC16A   Ssc.1322.1.S1_at  
  
1.1  
CHD9   Ssc.13364.1.A1_at  
  
1.5  
PTGIS   Ssc.2502.1.S1_at  
  
1.7  
IKZF5   Ssc.24196.1.S1_at  
  
1.7  
SERPINC1   Ssc.27560.1.S1_at  
  
1.2  















CDH13   Ssc.12939.1.S1_at   100126163   4.0  





SLA-­‐DMB   Ssc.12882.1.A1_at   100135050   1.4  
B2M   Ssc.12348.2.S1_at   397033   1.2  
UPK3BL   Ssc.6024.2.S1_at   100511499   -­‐1.2  
ANGPTL4   Ssc.8980.1.A1_at   397628   -­‐5.3  
ANKRD54   Ssc.24098.2.S1_at   100511380   1.3  
TOX   Ssc.2336.1.A1_at   100155888   2.2  
EMSP1   Ssc.11.1.S1_at   396720   -­‐1.2  











GUSB   Ssc.18585.2.S1_at   100144519   -­‐1.1  
SULT1A1   Ssc.20006.1.S1_at   396640   -­‐1.8  
SLA-­‐DMB   Ssc.11025.1.S1_at   100135050   2.0  
SIGLEC-­‐1   Ssc.17338.1.S1_at   397623   -­‐1.2  
RORA   Ssc.26039.1.S1_at   100156637   1.3  
PNLIPRP2   Ssc.18827.1.A1_at   100462755   -­‐1.3  
MLPH   Ssc.13047.1.A1_at   100049680   -­‐1.3  
RGMB   Ssc.24542.1.S1_at   100525212   -­‐2.1  





ERCC8   Ssc.25036.1.S1_at   100524405   1.3  
C19orf54   Ssc.21879.1.S1_at   100524024   -­‐1.2  
HOXA1   Ssc.24582.1.S1_at   100520162   -­‐1.5  
RANBP6   Ssc.12070.1.A1_at   100518819   -­‐1.6  
NDOR1   Ssc.15685.1.A1_at   100515645   -­‐1.1  
PRR15L   Ssc.11487.1.A1_at   100513831   3.3  
TPP2   Ssc.14205.1.S1_at   100511530   1.3  
BTBD9   Ssc.18243.2.S1_at   100156900   -­‐1.4  
B4GALNT1  ///  
LOC100521372   Ssc.14898.2.S1_at  
100516440  ///  
100521372   -­‐1.8  
APRIL   Ssc.26879.2.S1_at   100127162   1.5  
TCRA   Ssc.17793.1.A1_at  
  
-­‐1.2  
PTPN20B   Ssc.9101.1.A1_at  
  
-­‐3.7  
CACHD1   Ssc.16511.1.A1_at  
  
-­‐1.5  
C14orf37   Ssc.17533.1.A1_at  
  
-­‐1.6  
ATP8A1   Ssc.19482.1.A1_at  
  
1.4  
ASGR2   Ssc.16889.1.S1_at  
  
-­‐1.8  
TMX1   Ssc.6827.1.A1_at  
  
-­‐1.2  







CUL5   Ssc.4549.1.A1_at  
  
1.6  











PHF17   Ssc.13638.2.A1_a_at   100516328   1.6  
BMP2   Ssc.29004.1.S1_at   100152318   -­‐3.7  
LOC100513446   Ssc.17671.1.S1_at   100513446   -­‐2.0  
COL3A1   Ssc.11302.1.S2_at   100152001   -­‐2.3  
LOC100151984   Ssc.1708.1.S1_at   100151984   1.6  
LAPTM4A   Ssc.5153.1.S1_at   100516188   1.1  
ADAT3   Ssc.24941.1.S1_at   100525631   -­‐1.2  
FBXO44   Ssc.5427.1.A1_at   100524444   -­‐1.2  
PROM2   Ssc.27157.2.S1_at   100521959   -­‐1.3  
C9orf50   Ssc.21887.1.S1_at   100520534   -­‐1.2  
DDX6   Ssc.7089.1.A1_at   100515499   1.4  
ZDHHC7   Ssc.3617.2.S1_at   100514104   1.4  
OSGEPL1   Ssc.2595.1.S1_at   100512818   1.6  
BIVM   Ssc.6752.1.S1_at   100512068   1.6  
LOC100152356   Ssc.887.1.A1_at   100152356   1.2  
GPR4   Ssc.5191.1.S1_at   100144489   -­‐1.5  
HIF1A   Ssc.5542.1.A1_at  
  
-­‐1.3  
PRODH   Ssc.1813.1.S1_at  
  
1.5  
RBM47   Ssc.9438.1.A1_at  
  
-­‐1.2  
ATP10B   Ssc.5545.1.S1_at  
  
-­‐1.3  
NR2C1   Ssc.10207.1.A1_at   100516014   1.2  





WNK1   Ssc.21658.1.S1_at   406235   -­‐1.5  





PPAG3   Ssc.15906.1.S1_at   396731   -­‐1.4  
PHYHD1   Ssc.22015.2.S1_at   100157556   -­‐1.2  
MLYCD   Ssc.18522.2.S1_at   497060   -­‐1.1  
BLG   Ssc.11136.1.S1_at   396596   -­‐1.2  
COMMD9   Ssc.2256.1.S1_at   100524189   1.2  
GNL3L   Ssc.3822.2.S1_at   100521120   -­‐1.2  
RFTN2   Ssc.10247.1.S1_at   100520462   1.5  
ZNF135   Ssc.30158.1.A1_at   100153722   1.8  
MAN1A1   Ssc.29024.1.S1_at  
  
1.6  


















NPY2R   Ssc.15963.1.S1_at   397291   -­‐1.2  
MYH10   Ssc.16320.1.S1_at   396903   -­‐1.5  
ZNF786   Ssc.11355.1.A1_at   100522564   -­‐1.2  
CCDC72   Ssc.5928.1.A1_at   100521518   1.1  
THBS4   Ssc.1411.1.S1_at   100513005   -­‐4.9  
CD79B   Ssc.12584.1.A1_at   100511898   3.0  
GJA5   Ssc.3015.1.S1_at   100157795   2.1  
COL3A1   Ssc.11302.1.S1_at   100152001   -­‐2.7  
LMNA   Ssc.944.1.A1_at   100126859   -­‐1.5  
FXYD3   Ssc.569.1.S1_at   397413   -­‐1.2  





TCRB   Ssc.11075.11.A1_at  
  
-­‐1.1  
SH3BP5   Ssc.28336.1.A1_at  
  
1.6  







GNL2   Ssc.25247.1.S1_at  
  
-­‐1.5  
CSRNP2   Ssc.8048.1.S1_at  
  
-­‐1.3  
OTUD3   Ssc.2328.1.S1_at  
  
1.2  























MCRS1   Ssc.5149.1.S1_at   100516550   -­‐1.1  
C6orf136   Ssc.4883.1.A1_at   100152775   1.5  
LRRK1   Ssc.25233.1.S1_at  
  
1.5  
ST3GAL6   Ssc.974.1.S1_at  
  
-­‐2.5  
ORC2   Ssc.24449.1.S1_at  
  
2.9  
























PRF1   Ssc.19693.1.A1_at   396595   -­‐1.2  
C1orf43   Ssc.8693.1.S1_at   100518371   1.5  
ATAD2B   Ssc.10724.1.A1_at  
  
1.6  
UPK2   Ssc.70.1.S1_at   397075   -­‐1.3  
SUGP2   Ssc.1300.1.A1_at   100511863   1.4  
SLA-­‐DRB1   Ssc.210.1.S1_a_at   100153386   1.6  
PRDX5   Ssc.460.1.S1_at   397273   -­‐1.2  
SH3GL1   Ssc.11014.1.S1_at   100523947   -­‐1.7  
WDR27   Ssc.19372.2.A1_at   100511666   -­‐1.2  
LZTS2   Ssc.2100.1.S1_at  
  
1.3  
CKAP4   Ssc.2147.1.A1_at  
  
-­‐1.6  
MAP2K5   Ssc.9944.1.A1_at  
  
1.6  
NKIRAS2   Ssc.23472.1.S1_at  
  
1.6  
GAD2   Ssc.5021.1.S1_at  
  
-­‐1.2  
RANBP2   Ssc.21677.1.S1_at  
  
-­‐1.3  
THSD7A   Ssc.2552.1.A1_at  
  
1.8  







LRRC37A2   Ssc.1406.1.S1_at   100514982   -­‐1.1  







TMEM9   Ssc.9010.1.A1_at  
  
-­‐1.3  
GARNL3   Ssc.19598.2.A1_at   100156351   -­‐1.2  
LOC472310   Ssc.19532.1.S1_at  
  
2.3  
KDM5B   Ssc.17712.2.S1_at   100511772   1.5  
UGCG   Ssc.17674.1.A1_at  
  
-­‐1.5  










CYP2U1   Ssc.28083.1.A1_at  
  
2.1  
BPI   Ssc.8960.1.A1_at  
  
-­‐1.1  
KIAA0146   Ssc.27496.2.S1_a_at   100153944   -­‐1.3  
LRP8   Ssc.31012.1.A1_at  
  
1.9  
GNAI1   Ssc.4159.1.A1_at  
  
-­‐1.7  
DNAJC5   Ssc.27168.1.S1_at  
  
1.6  
FADD   Ssc.1947.1.S1_at   595129   1.7  
MTAP   Ssc.27049.1.A1_at   100516774   1.8  
SLA-­‐DRA   Ssc.222.1.S1_at   100135040   2.0  
PPT1   Ssc.11457.1.A1_at   100517533   1.2  
chur   Ssc.14297.1.S1_at   100514910   1.7  
CCDC3   Ssc.6478.1.A1_at   100510975   -­‐4.0  
EGFL8   Ssc.3386.1.A1_at   100144521   -­‐1.4  
C10orf46   Ssc.16799.1.A1_at  
  
1.6  
IKZF5   Ssc.24196.2.S1_a_at  
  
1.9  
DYRK2   Ssc.9629.2.S1_at   100516081   -­‐1.1  





















VEGFA   Ssc.15740.2.S1_a_at   397157   -­‐1.6  
FNBP1L   Ssc.1801.2.S1_a_at  
100518593  ///  
100521424   1.6  
MMP11   Ssc.12514.1.A1_at   100153503   -­‐1.8  
TCEB1   Ssc.3883.2.S1_a_at   100153381   -­‐1.1  
EFEMP2   Ssc.4267.3.S1_at   100526031   -­‐1.2  
UGP2   Ssc.30801.1.A1_at   397040   2.0  
TMSB4X   Ssc.4122.1.A1_at   100216317   1.2  














FMR1   Ssc.27393.1.S1_at   100155078   1.4  
C2orf68   Ssc.21620.1.S1_at  
  
1.4  
LIMD1   Ssc.30639.1.S1_at  
  
1.4  
CD74   Ssc.6222.1.S1_a_at   396660   2.0  
AIFM2   Ssc.2487.1.S1_at   100153541   1.2  
CALML4   Ssc.6845.1.A1_at  
  
1.5  
NR2F2   Ssc.1205.1.S1_at  
  
-­‐1.9  
PDCD2L   Ssc.3994.2.S1_at   100512169   -­‐2.6  
TNPO3   Ssc.4478.1.A1_at   100515455   1.3  
C7H14orf129   Ssc.1084.1.S1_at   100154584   1.5  
CDR2   Ssc.3394.1.A1_at  
  
1.7  
LOC100525753   Ssc.17268.1.A1_at  
  
-­‐1.1  
UPF3B   Ssc.2192.1.A1_at   414433   1.3  
DGUOK   Ssc.10592.1.A1_at   100515889   1.5  
FMR1   Ssc.25167.1.A1_at   100155078   1.5  
LOC100505573   Ssc.4025.1.S1_at  
  
2.1  
LRIG2   Ssc.3003.1.S1_at  
  
1.4  






















LOC100520378   Ssc.1176.1.A1_at   100520378   -­‐1.6  
TPD52L2   Ssc.2916.1.A1_at  
  
1.2  
MAX   Ssc.19313.1.A1_at  
  
1.4  
PRM1   Ssc.16223.1.S1_at   397487   -­‐1.2  
FBXO38   Ssc.9650.1.S1_a_at   100513273   1.3  
FAM104A   Ssc.4995.3.A1_at   100518034   1.4  
PQLC2   Ssc.16528.2.S1_at   100511513   -­‐1.1  





LOC100523044   Ssc.3711.1.S1_at   100523044   1.2  
TMED7   Ssc.11884.1.A1_at  
  
1.6  
SLC22A17   Ssc.2181.2.A1_a_at   100152841   -­‐1.3  
PEG10   Ssc.13476.1.A1_at   654416   -­‐1.5  
NCK2   Ssc.11693.1.A1_at   100192439   -­‐1.2  
LOC100525526   Ssc.3021.1.A1_at   100525526   1.4  
LENG8   Ssc.10310.1.A1_at   100524682   -­‐1.2  
SPRYD4   Ssc.26129.2.S1_at   100522549   -­‐1.4  
CCDC51   Ssc.18683.1.S1_at   100521222   -­‐1.2  
CSNK2A1   Ssc.28057.1.A1_at   100517435   1.2  
HOXD9   Ssc.23551.1.S1_at   100517431   -­‐1.2  
LOC100514282   Ssc.21808.1.S1_at   100514282   1.6  
TRPM7   Ssc.13606.1.A1_at   100157945   1.8  
RQCD1   Ssc.21425.2.S1_at   100153939   -­‐1.3  
IDE   Ssc.9109.1.A1_at   100155309   1.4  
AUH   Ssc.12622.1.A1_a_at   100155020   1.4  
C9orf40   Ssc.6388.1.A1_at  
  
1.6  
NAGA   Ssc.8873.1.A1_at  
  
1.4  
RALGPS2   Ssc.21236.1.S1_at  
  
2.4  
MPP6   Ssc.25098.1.S1_at  
  
-­‐1.6  
RBMS1   Ssc.6805.2.A1_at  
  
-­‐1.1  
ACTR6   Ssc.24251.1.S1_a_at  
  
1.4  
SP100   Ssc.7207.3.A1_at   100516940   1.6  
TNFSF10   Ssc.12829.1.A1_at   406191   2.6  
TBP10   Ssc.7397.1.A1_at   397043   -­‐1.2  
HTB2   Ssc.2474.1.S1_at   100523961   1.6  
FAM188A   Ssc.19336.1.A1_s_at  
100512304  ///  
100525772   1.2  
BRI3BP   Ssc.26416.1.A1_at   100155348   -­‐1.2  
C11ORF96   Ssc.17312.1.A1_at  
  
-­‐2.6  
TXLNA   Ssc.1423.1.A1_at  
  
1.4  
CCT2   Ssc.27956.1.S1_at  
  
-­‐1.9  
MED24   Ssc.2777.1.S1_at   100511100   -­‐1.6  
OAF   Ssc.3626.1.S1_at   100522940   -­‐2.5  





MYH9   Ssc.17295.1.S1_at  
  
1.3  
MT1A   Ssc.15640.1.S1_at   397417   -­‐2.4  





ARIH1   Ssc.19028.1.A1_at  
  
1.2  
BPGM   Ssc.22500.1.S1_at   100525495   -­‐1.2  
Obsl1   Ssc.27615.2.S1_a_at  
  
-­‐1.3  
IGF1   Ssc.31130.1.A1_at  
  
-­‐4.0  







ISCU   Ssc.7879.1.S1_at  
  
1.4  
SYNDIG1L   Ssc.19269.1.S1_at  
  
-­‐1.2  





LOC100156567   Ssc.7980.1.A1_at   100156567   -­‐1.2  
LOC100621218   Ssc.27317.1.S1_at  
  
1.4  
SLA-­‐DQA  ///  SLA-­‐DQA1   Ssc.11102.1.S1_at  
100135044  ///  
100153387   1.7  
LOC100518322   Ssc.8270.1.S1_at   100518322   1.5  
ZNF292   Ssc.19121.1.A1_at   100517252   1.4  
ZFHX3   Ssc.8422.1.A1_at   100519194   1.4  
VPS39   Ssc.17266.1.S1_at   100513254   1.1  
GPATCH1   Ssc.7644.1.A1_at   100525924   1.6  
PHF17   Ssc.13638.1.A1_a_at   100516328   1.5  
CFD   Ssc.11074.1.S1_at   396877   -­‐2.2  
CDKN2AIP   Ssc.20386.1.S1_at   100513762   2.0  







LGALS1   Ssc.1320.1.A1_at   414915   -­‐2.2  
WDTC1   Ssc.11356.1.A1_at   100190994   -­‐1.2  
USP47   Ssc.29734.1.A1_at   100519588   1.7  
USP47   Ssc.10129.1.S1_at   100519588   1.5  
TPR   Ssc.22099.2.A1_at   100520507   1.4  
POC5   Ssc.17188.1.A1_at   100519012   1.7  
FBXL21   Ssc.28616.1.S1_at   100517085   -­‐2.0  
DDX56   Ssc.1418.2.S1_at   100513388   -­‐1.5  
LOC100511514   Ssc.9645.1.S1_at   100511514   -­‐1.1  
KIF1A   Ssc.21055.1.S1_at  
  
-­‐2.2  
TBL1X   Ssc.19636.1.S1_at  
  
1.3  


















TPP2   Ssc.6979.1.A1_at   100511530   1.3  
MGP   Ssc.373.1.S1_at   397206   1.3  
ARID4A   Ssc.24407.1.S1_at   100153197   1.8  











SPCS3   Ssc.25099.2.A1_at   100526140   -­‐1.5  
BBS4   Ssc.15249.1.S1_at   100513212   1.3  





ZNF605   Ssc.31180.1.A1_at  
  
1.4  
SNX30   Ssc.26027.1.A1_at  
  
-­‐1.2  
HIF1A   Ssc.390.1.A1_at   396696   -­‐1.8  
F11R   Ssc.29060.1.S1_at   100127138   -­‐1.5  
HEXIM1   Ssc.5567.1.S1_at   100520763   -­‐1.8  
UBP1   Ssc.10876.1.S1_at   100512254   1.4  
NHE5   Ssc.15982.1.A1_at   396753   -­‐1.2  
LOC100515155   SscAffx.33.1.S1_at   100515155   1.1  





ZNF330   Ssc.26825.1.S1_at   100511765   1.6  
ACOT4   Ssc.18475.3.A1_at   100158115   -­‐1.7  
CEBPD   Ssc.10025.3.S1_at   100153946   -­‐1.2  
GEMIN5   Ssc.27501.1.S1_at   100524914   -­‐1.2  
PANK3   Ssc.1674.1.A1_at  
  
-­‐1.3  
ARID1A   Ssc.4617.2.S1_at  
  
1.6  











PIAS3   Ssc.6032.1.S1_at   100511878   1.5  
UPF3B   Ssc.26341.1.S1_at   414433   1.2  
LOC100525984   Ssc.2167.3.A1_at   100525984   -­‐1.2  
RAB2B   Ssc.8370.1.A1_at   100513669   1.3  
ELMO2   Ssc.2298.1.S1_at   100153181   1.6  
EHMT2   Ssc.12499.1.A1_at   100124382   -­‐1.2  
?   Ssc.31171.1.S1_at  
  
1.6  
CPXM1   Ssc.30175.1.A1_at   100512144   -­‐1.3  
C22orf25   Ssc.2850.3.S1_at   100154308   1.2  
ARGRS   Ssc.24387.1.S1_at   414410   1.2  
APLNR   Ssc.28818.2.S1_at  
  
-­‐1.4  
TFF2   Ssc.650.1.S1_at   397420   -­‐1.6  
TMEM53   Ssc.11335.1.A1_at   100517102   1.6  














UPF3B   Ssc.22179.1.A1_at  
  
1.4  















RQCD1   Ssc.21425.1.S1_at   100153939   -­‐1.3  
TCRB   Ssc.11075.15.A1_a_at   -­‐1.2  
MSN   Ssc.14470.1.S1_at   494458   -­‐1.5  
ARL4A   Ssc.30613.1.A1_at  
  
2.8  
VEZF1   Ssc.12255.1.A1_at  
  
1.4  
TMCC1   Ssc.9518.1.A1_at  
  
1.7  
TOMM5   Ssc.872.1.S1_a_at   100520533   1.4  
DYNC1I2   Ssc.1201.1.S1_at   100153352   1.3  





ELK3   Ssc.4212.2.S1_at  
  
-­‐1.3  
NTAN1   Ssc.149.1.S1_at   397107   1.3  
PSIP1   Ssc.1539.1.S1_at  
  
1.2  
SMARCAD1   Ssc.9911.1.A1_at   100515330   2.2  





RNF214   Ssc.5610.1.S1_a_at   100510972   1.9  
BEX4   Ssc.15648.1.S1_at  
  
-­‐2.0  
SLA-­‐2   Ssc.13780.12.S1_a_at   100135031   1.1  
EPAS1   Ssc.3921.1.S1_at   100037272   -­‐1.2  







TEF1   Ssc.15152.2.S1_at   100216478   -­‐1.3  
C22orf28   Ssc.5319.1.S1_at   733658   1.2  
LOC100520894   Ssc.3282.2.A1_at   100520894   -­‐1.2  





ATG4B   Ssc.6320.1.A1_at  
  
1.6  
NFAT  ///  NFATC2   Ssc.16122.1.S1_at   100134969  ///  396824   -­‐1.2  
EDNRA   Ssc.16189.1.S1_at   397457   -­‐1.2  





CAPNS1  ///  GPX3   Ssc.7158.1.A1_a_at   396598  ///  397587   -­‐3.0  
WWP2   Ssc.3721.1.S1_at  
  
1.5  
VPS25   Ssc.3188.1.S1_at  
  
1.2  
SSU72   Ssc.27067.1.A1_at   100525522   -­‐1.3  
CDC42EP2   Ssc.5357.2.S1_at   100513778   -­‐1.3  
UBE2R2   Ssc.4948.1.S1_at   100512675   1.3  
KIAA0317   Ssc.4181.1.S1_at  
  
1.5  





NEK9   Ssc.13939.1.A1_at  
  
1.2  
STAT5A   Ssc.9632.1.A1_at   397550   -­‐1.7  







CAMK2G   Ssc.2491.1.S1_at  
  
2.1  
RCBTB1   Ssc.28150.1.S1_at  
  
1.4  
SLIT2   Ssc.24342.2.A1_at   100516326   -­‐2.8  
FNBP1L   Ssc.1801.1.A1_at  
100518593  ///  
100521424   1.7  





LRP6   Ssc.4693.3.S1_a_at  
100515609  ///  
100515777   1.4  
CDYL   Ssc.8312.1.A1_at   100155291   1.7  
C2orf17   Ssc.1366.1.S1_at   100156393   1.3  
APG5   Ssc.2160.1.S1_at  
  
1.5  
CYP2C42   Ssc.16124.1.A1_a_at   403111   -­‐1.2  
FGL2   Ssc.22050.1.S1_s_at   448808   -­‐1.9  
TGFBRAP1   Ssc.1387.2.S1_at  
  
1.2  
NPPC   Ssc.23867.1.A1_at   493772   -­‐1.3  
NEU1   Ssc.23310.1.S1_at   100124381   1.2  












RPS19BP1   Ssc.3542.1.S1_at   100518907   1.5  
TAX1BP1   Ssc.6722.1.A1_at   100516165   1.3  
CRYBB1   Ssc.22340.1.S1_at   780429   -­‐1.2  
FGL2   SscAffx.9.1.S1_at   448808   -­‐1.5  
BIVM   Ssc.19133.1.A1_at   100512068   1.5  
HDAC5   Ssc.4125.1.A1_at   100515165   1.4  
FGA   Ssc.4824.1.A1_at   100514666   -­‐1.1  
HIC2   Ssc.2117.1.S1_at  
  
-­‐1.7  
SORT1   Ssc.12492.2.S1_at   100157862   1.3  
GSK3B   Ssc.22547.1.S1_at  
  
1.3  
ZCCHC8   Ssc.4055.1.A1_at  
  
1.4  
MKRN2   Ssc.818.2.A1_at  
  
1.6  
SOCS1   Ssc.9016.1.A1_at   100307052   -­‐1.7  
CXorf38   Ssc.12020.1.A1_at   100515115   1.7  
C7H14orf129   Ssc.13743.1.S1_at   100154584   1.5  
UBXN4   Ssc.28413.1.A1_at   100525432   1.2  
IMPA1   Ssc.24718.1.S1_at  
  
1.8  
MT1A   Ssc.16125.1.S1_x_at   397417   -­‐2.3  
HIST1H1D   Ssc.19327.1.S1_at   595122   1.5  





PARP12   Ssc.13068.1.A1_at   100515805   1.3  












MT1A   Ssc.600.1.S1_s_at   397417   -­‐3.2  







CCDC56   Ssc.3838.1.S1_at   100518575   1.5  
ANKRD27   Ssc.7196.1.A1_at   100524146   1.5  
MAP4K4   Ssc.3574.1.A1_at  
  
-­‐1.4  
CSF2   Ssc.382.1.S1_at   397208   -­‐5.8  







MITD1   Ssc.10408.1.S1_at   100523366   1.4  





FAM188A   Ssc.15034.1.S1_at  
100512304  ///  





TAF9   Ssc.10395.1.A1_at   100516765   -­‐1.7  
RPS14   Ssc.7287.1.A1_at  
  
1.3  
CNKSR3   Ssc.19060.1.A1_at   100513248   -­‐2.0  




























LOC100522531   Ssc.26942.1.S1_at   100522531   1.9  
ZFAND2B   Ssc.21640.2.S1_a_at   100157982   1.3  
NURF301   Ssc.1385.1.S1_at  
  
1.4  





RCAN3   Ssc.28328.2.A1_at   100522144   1.4  
PUS1   Ssc.22201.2.S1_a_at   100157224   -­‐1.3  


















Appendix	  2 PERP	  siRNA	  transfection	  in	  cultured	  PAECs	  
 
Figure  A-­‐1  Cultured  PAECs  were  transfected  with  custom-­‐designed  PERP  siRNA  (Table  2-­‐4,  
seq1  and  seq2)  
 
Figure  A-­‐2  Cultured  PAECs  were  transfected  with  Santa  Cruz  PERP  siRNA  (Table  2-­‐4)  
  





Appendix	  3 Zebrafish	  data	  
 
Figure  A-­‐3  Analysis  of  caspase-­‐3  expression  by  immunostaining  in  control  and  silent  heart  
zebrafish   embryos   transfected   with   morpholino-­‐mediated   PDCD2L   (centre)   and   PERP  
(right)  silencing.  Data  reproduced  with  the  permission  of  Dr.  Serbanovic-­‐Canic.  
	  
Figure   A-­‐4  Quantification   of   apoptotic   endothelial   cells   in   the   presence   and   absence   of  
flow   and   with   or   without   morpholino-­‐mediated   PERP   and   PDCD2L   silencing.   Data  
reproduced  with  the  permission  of  Dr.  Serbanovic-­‐Canic.  
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